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Interdisciplinary research and development (IR&D) is research and de-
velopment that involve interaction among two or more disciplines. IR&D 
is needed to meet the demand of problems that cannot be solved by using 
any single discipline.

The aim of this book is to present important aspects of applied research 
and evaluation methods in chemical engineering and materials science 
that are important in chemical technology and in the design of chemical 
and polymeric products.

This book gives readers a deeper understanding of physical and chemi-
cal phenomena that occur at surfaces and interfaces. Important is the link 
between interfacial behavior and the performance of products and chemi-
cal processes.

This book presents original experimental and theoretical results on the 
leading edge of applied research and evaluation methods in chemical engi-
neering and materials science. Each chapter has been carefully selected in 
an attempt to present substantial research results across a broad spectrum.

This volume presents some fascinating phenomena associated with the 
remarkable features of high performance nanomaterials and also provides 
an update on applications of modern polymers.

The book helps to fi ll the gap between theory and practice. It explains 
the major concepts of new advances in high performance materials and 
their applications in a friendly, easy-to-understand manner.

This volume provides both a rigorous view and a more practical, un-
derstandable view of chemical compounds and chemical engineering and 
their applications.

This new book: 
• highlights some important areas of current interest in polymer prod-

ucts and chemical processes;
• focuses on topics with more advanced methods;
• emphasizes precise mathematical development and actual experi-

mental details;

PREFACE
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• analyzes theories to formulate and prove the physicochemical prin-
ciples; and

• provides an up-to-date and thorough exposition of the present state-
of-the-art of complex materials.

xx Preface
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CHAPTER 1

STRUCTURAL ASPECTS OF 
COMPONENTS CONSTITUTING 
LOW DENSITY POLYETHYLENE/
ETHYLENE-PROPYLENE-DIENE 
RUBBER BLENDS

DARIUSZ M. BIELIŃSKI, and CZESŁAW ŚLUSARCZYK
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2 Engineering Materials: Applied Research and Evaluation Methods

ABSTRACT

Structural aspects of components constituting low-density polyethylene/
ethylene-propylene-diene rubber (LDPE/EPDM) blends are studied in 
bulk and compared to the surface layer of materials. Solvation of a crys-
talline phase of LDPE by EPDM takes place. The effect is more significant 
for systems of amorphous matrix, despite a considerable part of crystalline 
phase in systems of sequenced EPDM matrix seems to be of less perfect 
organization. Structural data correlate perfectly with mechanical proper-
ties of the blends. Addition of LDPE to EPDM strengthens the material. 
The effect is higher for sequenced EPDM blended with LDPE of linear 
structure.

The surface layer exhibits generally lower degree of crystallinity in 
comparison to the bulk of LDPE/EPDM blends. The only exemption is 
the system composed of LDPE of linear structure and amorphous EPDM 
exhibiting comparable values of crystallinity. Micro indentation data pres-
ent the negative surface gradient of hardness. Sequenced elastomer ma-
trix always produces signifi cantly lower degree of crystallinity, no matter 
LDPE structure, whereas systems of amorphous EPDM matrix follow the 
same trend only when branched polyethylene of lower crystallinity is add-
ed. Values of long period for the blends are signifi cantly higher than that 
of their components, what suggest some part of ethylene sequences from 
elastomer phase to take part in recrystallization. LDPE of linear struc-
ture facilitates the phenomenon, especially if takes in amorphous EPDM 
matrix. Branched LDPE recrystallizes to the same lamellar thickness, no 
matter the structure of elastomer matrix.

1.1 INTRODUCTION

Polyolefine blends are group of versatile materials, which properties can 
be tailored to specific applications already at the stage of compound-
ing and further processing. Our previous papers on elastomer/plastomer 
blends were devoted to phenomenon of co crystallization in isotactic poly-
propylene/ethylene-propylene-diene rubber (iPP/EPDM) [1] or surface 
segregation in low-density polyethylene/ethylene-propylene-diene rubber 
(LDPE/EPDM) [2, 3] systems. Composition and structure of the materials 
were related to their properties. Recently, we have described the influence 
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Structural Aspects of Components Constituting Low Density  3

of molecular weight and structure of components on surface segregation 
of LDPE in blends with EPDM, and morphology of the surface layer being 
formed [4].

This paper completes the last one with structural data, calculated from 
X-rays diffraction spectra, collected for bulk and for the surface layer of 
LDPE/EPDM blends. We have focused on comparison between mechani-
cal properties, relating them to the degree of crystallinity and a crystalline 
phase being formed in bulk and in the surface layer of the systems.

1.2 EXPERIMENTAL PART

1.2.1 MATERIALS

The polymers used in this study are listed in Table 1.1, together with their 
physical characteristics.

TABLE 1.1 Physical Characteristics of the Polymers Studied

Polymer Density 
[g/cm3]

Solubility 
parameter 
[J0.5/m1.5]a

Degree of 
branching 

FTIRb

Melting 
tempera-
ture [°C]

Molecular 
weight, Mw

Dispersity 
index Mw/

Mn

EPDM1 0.86 15.9×10–3 – 44 – –

EPDM2 0.86 – – – –

LDPE1 0.930 15.4×10–3 3.8 112 15,000 2.32

LDPE2 0.906 6.0 90 35,000 2.56

EPDM1, EPDM2 – ethylene-propylene-diene rubber: Buna EPG-6470, G-3440 (Bayer 
Germany; monomer composition by weight: 71% and 48% of ethylene, 17% and 40% of 
propylene, 1.2% of ethylidene-norbornene, respectively).
LDPE1, LDPE2 – low-density polyethylenes (Aldrich Chemicals, UK: cat. no. 42,778–0 
and 42,779–9, respectively).
aTaken from Ref. [5].
bDetermined from infrared spectra according to Ref. [6].

LDPE in the amount of 15phr was blended with ethylene-propylene-
diene terpolymer. The method of blend preparation, at the temperature of 
145 °C, that is, well above melting point of the crystalline phase of poly-
ethylene, was described in Ref. [2]. To crosslink elastomer matrix 0.6phr 

© 2015 by Apple Academic Press, Inc.

  



4 Engineering Materials: Applied Research and Evaluation Methods

of dicumyl peroxide (DCP) was admixed to the system during the second 
stage at 40 °C. The systems were designed in a way enabling studying 
the infl uence of molecular structure of the rubber matrix or molecular 
weight, crystallinity/branching of the plastomer on mechanical properties 
of LDPE/EPDM blends, both: in bulk and exhibited by the surface layer. 
Structural branching of the polyethylenes studied was simulated from their 
13C NMR spectra applying the Cherwell Scientifi c (UK) NMR software. 
LDPE1 contains short branches, statistically every 80 carbons in the back-
bone. It was found that every fourth branch is longer, being constituted of 
6–8 carbon atoms. LDPE2, characterized by higher degree of branching, 
however contains short branch of 2–4 carbon atoms, but placed ca. every 
15-backbone carbons. Samples were steel mold vulcanized in an electri-
cally heated press at 160 °C, during time t0.9 determined rheometrically, 
according to ISO 3417.

1.2.2 TECHNIQUES

1.2.2.1 X-RAYS DIFFRACTION

WAXS and SAXS measurements were carried out applying the same 
equipment and procedures described in Ref. [1].

1.2.2.1.1 WAXS

Investigations were performed in the scattering angle range 5–40° with a 
step of 0.1°. Each diffraction curve was corrected for polarization, Lorentz 
factor and incoherent scattering. Each measured profile was deconvoluted 
into individual crystalline peaks and an amorphous halo, following the 
procedure described by Hindeleh and Johnson [7]. Fitting was realized 
using the method proposed by Rosenbrock and Storey [8]. The degree of 
crystallinity was calculated as the ratio of the total area under the resolved 
crystalline peaks to the total area under the unresolved X-rays scattering 
curve.
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1.2.2.1.2 SAXS

Measurements were carried out over the scattering angle 2Θ=0.09–4.05° 
with a step of 0.01° or 0.02°, in the range up to and above 1.05°, respec-
tively. Experimental data were smoothed and corrected for scattering and 
sample absorption by means of the computer software FF SAXS-5, elabo-
rated by Vonk [9]. After background subtraction, scattering curves were 
corrected for collimation distortions, according to the procedure proposed 
by Hendricks and Schmidt [10, 11]. Values of the long period (L) were 
calculated from experimental data, using the Bragg equation:

 L=λ/ (2 sinΘ) (1)

where: L – long period, Θ – half of the scattering angle, λ – wavelength 
of the X-rays.

1.2.2.1.3 GIXRD

Grazing incidence X-ray diffraction (GIXRD) experiments were carried 
out at room temperature using a Seifert URD-6 diffractometer equipped 
with a DSA 6 attachment. CuKα radiation was used at 30kV and 10 mA. 
Monochromatization of the beam was obtained by means of a nickel filter 
and a pulse-height analyzer. The angle of incidence was fixed to 0.5°, so 
that the X-rays penetration into the sample could be kept constant during 
measurements. Diffraction scans were collected for 2θ values from 2° to 
60° with a step of 0.1°.

1.2.2.2 DIFFERENTIAL SCANNING COLORIMETRY (DSC)

Enthalpies of melting were determined with a NETZSCH 204 differential 
scanning calorimeter (Germany), calibrated for temperature and enthalpy 
using an indium standard. Specimens of about 9–10 mg were frame cut 
from sheets of a constant thickness to eliminate possible influence of the 
specimen geometry on a shape of DSC peak. Experiments were carried out 
over the temperature range 30–160 °C. Prior to cooling down, the samples 
were kept for 5 min at 160 °C. Melting and crystallization were carried 
out with a scanning rate of 10deg/min. Temperature of melting Tm or 
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6 Engineering Materials: Applied Research and Evaluation Methods

crystallization Tc were taken as the ones corresponding to 50% of the ad-
equate transition. The enthalpy of melting – ΔHm or crystallization – ΔHc 
were taken as areas under the melting or crystallization peak, respectively. 
The degree of the blend crystallinity was calculated from a ΔHm value, ac-
cording to the formula:

 
m

c o
m

HX
H

Δ
=

Δ
 (2)

where ΔH°m
 stands for the enthalpy of melting of polyethylene crystal: 289 

J/g [12].

1.2.2.3 MECHANICAL PROPERTIES

Mechanical properties of polymer blends during elongation were deter-
mined with a Zwick 1435 instrument, according to ISO 37. Dumb-bell 
specimen geometry n°2 was applied.

1.2.2.4 NANOINDENTATION

Hardness and mechanical moduli of polymer blends were determined with 
a Micro materials Nano Test 600 apparatus (UK), applying the procedure 
of spherical indentation with 10% partial unloading. R=5 μm stainless 
steel spherical indenter probed the surface layer of material with the load-
ing speed of dP/dt=0.2 mN/s, reaching depths up to 8.0 μm. More informa-
tion on the instrumentation can be found elsewhere [13].

1.3 RESULTS AND DISCUSSION

1.3.1 SUPRAMOLECULAR STRUCTURE IN BULK

Degree of bulk crystallinity, calculated for the blends from DSC and 
WAXS spectra, are given in Table 1.2.

© 2015 by Apple Academic Press, Inc.

  



Structural Aspects of Components Constituting Low Density  7

TABLE 1.2 Degree of Bulk Crystallinity of the Materials Studied

Sample Degree of crystallinity [%]

WAXS exp. WAXS calc. DSC exp.l DSC calc.

EPDM1 20.5 – 3.9 –

EPDM2 0 – 0 –

LDPE1 47.3 – 61.4 –

LDPE2 30.6 – 32.0 –

LDPE1/EPDM1 22.4 24.0 8.4 11.4

LDPE2/EPDM1 19.0 21.8 5.0 10.0

LDPE1/EPDM2 2.7 6.2 4.8 8.0

LDPE2/EPDM2 1.6 4.0 2.8 4.2

They differ signifi cantly from the values calculated additively. Solva-
tion of a crystalline phase of plastomer by elastomer matrix seems to be 
apparent. The effect, exceeding 50%, is signifi cant in the case of amor-
phous matrix (EPDM2), whereas in the case of sequenced elastomer ma-
trix (EPDM1) the difference between degrees of crystallinity calculated 
additively and determined by WAXS is less than 10%, approaching ex-
perimental error.

DSC spectra of LDPE/EPDM blends follow the WAXS analysis in the 
case of system with amorphous matrix (EPDM2). For the blends of se-
quenced elastomer matrix (EPDM1) the degree of crystallinity calculated 
from heat of melting data is signifi cantly lower than determined from X-
rays wide angle diffraction and points defi nitely on the crystalline phase 
swelling phenomenon to take place. In our opinion the huge difference 
in the degree of crystallinity of EPDM1 between calculations from DSC 
(Xc = 3.9%) and WAXS (Xc=20.5%) spectra is responsible for the former, 
whereas limited resolution of calorimetry to less perfect organization of 
macromolecules (paracrystalline phase) seems to be a justifi cation for the 
latter. Packing of macromolecules, is of high order for the plastomers stud-
ied, whereas for sequenced elastomer seems to be quite low, judging from 
the mentioned already huge difference on Xc of EPDM1, depending on the 
applied method of analysis.
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8 Engineering Materials: Applied Research and Evaluation Methods

1.3.2 MECHANICAL PROPERTIES

Mechanical properties of the blends are given in Table 1.3.

TABLE 1.3 Mechanical Properties of the Materials Studied

Sample S100 [MPa] S200 [MPa] S300 [MPa] TS [MPa] Eb [%]

EPDM1 3.3 4.5 6.0 6.9 508

EPDM2 1.0 1.2 1.4 4.0 666

LDPE1/EPDM1 3.7 4.1 4.7 20.4 555

LDPE2/EPDM1 3.1 3.6 4.5 17.5 902

LDPE1/EPDM2 1.7 1.9 2.0 4.9 852

LDPE2/EPDM2 1.6 1.8 1.9 4.3 792

They correlate well with structural data. The higher the degree of crys-
tallinity the higher the moduli in extension, tensile strength of material and 
elongation at break. Addition of LDPE to EPDM improves mechanical 
properties of the elastomer, what is especially visible for the sequenced 
matrix. Strengthening effect is more pronounced when lower molecular 
weight but of higher crystallinity plastomer is added.

1.3.3 SUPRAMOLECULAR STRUCTURE IN THE SURFACE 
LAYER

Degree of crystallinity of the surface layer of blends, calculated from 
WAXS spectra (low incidence angle) are given in Table 1.4.

TABLE 1.4 Degree of the Surface Layer Crystallinity of the Materials Studied

Sample Degree of crystallinity [%]

WAXS exp. WAXS calc.

EPDM1 9.6 –

EPDM2 0 –

LDPE1 47.3 –
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Sample Degree of crystallinity [%]

WAXS exp. WAXS calc.

LDPE2 32.0 –

LDPE1/EPDM1 10.5 14.5

LDPE2/EPDM1 6.1 12.3

LDPE1/EPDM2 5.6 6.2

LDPE2/EPDM2 1.3 4.0

The surface layer of both: polymer components and their blends, ex-
hibits generally, in comparison to the bulk, lower values of the degree of 
crystallinity. The only exemption is the LDPE1/EPDM2 system, for which 
the crystallinity of the surface layer is signifi cantly higher than in bulk and 
additive calculations give the value only slightly higher in comparison to 
the experimental one.

Comparing the WAXS data determined in bulk to the ones character-
izing the surface layer of the systems studied, one can fi nd that their rela-
tion does depend on supermolecular structure of components. Sequenced 
elastomer matrix always produces signifi cantly lower than in bulk degree 
of crystallinity, no matter the structure of plastomer, whereas the same is 
followed by amorphous elastomer matrix only when branched polyethyl-
ene (LDPE2) of lower crystallinity is added. Amorphous EPDM matrix 
facilitates crystallization of low molecular weight polyethylene of higher 
crystallinity (LDPE1) on the surface.

Values of long period (L) for the blends are signifi cantly higher than 
that of their components Table 1.5.

TABLE 1.5 Values of the Long Period (L) of the Materials Studied (SAXS)

Sample L [nm]

EPDM1 14.3

EPDM2 0

LDPE1 14.5

LDPE2 10.6

TABLE 1.4 (Continued)
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Sample L [nm]

LDPE1/EPDM1 17.8

LDPE2/EPDM1 14.2

LDPE1/EPDM2 24.4

LDPE2/EPDM2 14.2

It suggests some part of ethylene sequences from the elastomer phase 
to take part in recrystallization. Polyethylene of higher linearity (LDPE1) 
facilitates the phenomenon, which takes place to the higher extent in the 
amorphous elastomer matrix (EPDM2). Plastomer of higher branching 
(LDPE2) recrystallizes to the same lamellar thickness, no matter the struc-
ture of the elastomer matrix.

1.3.4 NANOINDENTATION

Hardness profiles of the surface layer of blends studied are presented in 
Figs. 1.1 and 1.2.

FIGURE 1.1 Hardness profile of LDPE/EPDM1 blends.

TABLE 1.5 (Continued)
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FIGURE 1.2 Hardness profile of LDPE/EPDM2 blends.

They confi rm structural data Blends of sequenced elastomer matrix 
(EPDM1) exhibit considerably higher hardness in comparison to the 
systems of amorphous one (EPDM2). It concerns both: bulk as well as 
the surface layer of materials. Improvement of mechanical properties of 
EPDM by blending with LDPE is easier to achieve when amorphous elas-
tomer is to be modifi ed. Linear polyethylene (LDPE1) is better than more 
branched one (LDPE2) in terms of reaching higher hardness. The differ-
ence is especially pronounced in bulk, gradually diminishing towards the 
surface of materials.

1.4 CONCLUSIONS

1. EPDM matrix solvates crystalline phase of LDPE. The effect is 
significant for blends of amorphous elastomer matrix. In the case 
of sequenced EPDM matrix a part of crystalline phase of LDPE 
recrystallizes in less perfect form, which is not detectable by DSC.

2. Improvement of mechanical properties of EPDM by blending with 
LDPE is higher for the elastomer of sequenced structure, con-
firming structural data. The best mechanical properties, obtained 
when linear plastomer is admixed to amorphous elastomer, stays 
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in agreement with the highest degree of crystallinity of the systems 
studied.

3. Degree of crystallinity of polymer components and their blends 
are higher in bulk than in the surface layer. Blends containing se-
quenced EPDM matrix exhibit the most significant difference, no 
matter molecular structure of LDPE, whereas the systems contain-
ing amorphous elastomer matrix facilitates recrystallization of lin-
ear polyethylene on the surface.

4. Lamellas of crystalline phase of the surface layer of poly olefin 
blends studied are thicker than present in the surface layer of their 
components, what suggests co crystallization of ethylene monomer 
unit from EPDM. Linear LDPE facilitates the phenomenon, espe-
cially when takes place in amorphous elastomer matrix. Branched 
plastomer re crystallizes to the same lamellar thickness, no matter 
the structure of elastomer matrix.

5. Micro indentation data reveals hardness profile of LDPE/EPDM 
blends, staying in agreement with structural data for the surface 
layer of systems studied.
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 • Surface layer

REFERENCES

1. Bieliński, D., Ślusarski, L., Włochowicz, A., Ślusarczyk, Cz., & Douillard, A (1997). 
Polimer Int. 44, 161.

2. Bieliński, D., Ślusarski, L., Włochowicz, A., & Douillard, A. (1997). Composite In-
terf., 5, 155.

3. Bieliński, D., Włochowicz, A., Dryzek, J., & Ślusarczyk, Cz. (2001). Composite In-
terf., 8, 1.

4. Bieliński, D., & Kaczmarek, Ł. (2006). J. Appl. Polym. Sci, 100, 625.
5. Barton, A. F. M. (1981). Handbook of Solubility Parameters and Other Cohesion Pa-

rameters, CRC Press, Boca Raton, FL.

© 2015 by Apple Academic Press, Inc.

  

http://www.crcnetbase.com/action/showLinks?crossref=10.1163%2F15685540052543629
http://www.crcnetbase.com/action/showLinks?crossref=10.1163%2F15685540052543629
http://www.crcnetbase.com/action/showLinks?crossref=10.1002%2Fapp.23379
http://www.crcnetbase.com/action/showLinks?crossref=10.1002%2F%28SICI%291097-0126%28199710%2944%3A2%3C161%3A%3AAID-PI837%3E3.0.CO%3B2-T
http://www.crcnetbase.com/action/showLinks?crossref=10.1163%2F156855497X00127
http://www.crcnetbase.com/action/showLinks?crossref=10.1163%2F156855497X00127


Structural Aspects of Components Constituting Low Density  13

6. Bojarski, J., & Lindeman, J. (1963). Polyethylene, 109, WNT, Warsaw.
7. Hindeleh, A. M., & Johnson, J. (1971). J. Phys. D: Appl. Phys., 4, 259.
8. Rosenbrock, H. H., & Storey, C. (1966). Computational Techniques for Chemical En-

gineers, Pergamon Press, New York.
9. Vonk, C. G. (1970). J. Appl. Crystal., 8, 340.

10. Hendricks, R. W., & Schmidt, P. W. (1967). Acta Phys. Austriaca, 26, 97.
11. Hendricks, R. W., & Schmidt, P. W. (1970). Acta Phys. Austriaca, 37, 20.
12. Brandrup, J., & Immergut, E. H. (1989). Polymer Handbook 3rd Ed., Ch. 5, John 

Wiley & Sons, London-New York.
13. www.micromaterials.com

© 2015 by Apple Academic Press, Inc.

  

http://www.crcnetbase.com/action/showLinks?crossref=10.1107%2FS0021889875010618
http://www.crcnetbase.com/action/showLinks?crossref=10.1088%2F0022-3727%2F4%2F2%2F311


CHAPTER 2

COMPARISON OF POLYMER 
MATERIALS CONTAINING SULFUR 
TO CONVENTIONAL RUBBER 
VULCANIZATES IN TERMS OF 
THEIR ABILITY TO THE SURFACE 
MODIFICATION OF IRON

DARIUSZ M. BIELIŃSKI, MARIUSZ SICIŃSKI, JACEK GRAMS, and 
MICHAŁ WIATROWSKI

CONTENTS

Abstract ................................................................................................... 16
2.1 Introduction ...........................................................................16
2.2 Experimental Part ........................................................................... 17
2.3 Results and Discussion .................................................................. 20
2.4 Conclusions .................................................................................... 31
Keywords ................................................................................................ 32
References ............................................................................ 32

© 2015 by Apple Academic Press, Inc.



16 Engineering Materials: Applied Research and Evaluation Methods

ABSTRACT

The degree of modification of the surface layer of Armco iron by sulfur, 
produced by sliding friction of the metal sample against: ebonite, sulfur 
vulcanizate of styrene-butadiene rubber, polysulphone or polysulfide rub-
ber, was studied. Time of Flight-Secondary Ion Mass Spectroscopy (TOF-
SIMS) and confocal Raman microscopy techniques, both confirmed on 
the presence of iron sulfide (FeS) in the surface layer of metal counter 
face after tri biological contact with SBR or polysulfide rubber. For the 
friction couple iron-ebonite, the presence of FeS was confirmed only by 
TOF-SIMS spectra. FT-Raman analysis indicated only on some oxides 
and unidentified hydrocarbon fragments being present. Any sulfur con-
taining species were not found in the surface layer of iron counter face due 
to friction of the metal against polysulphone. The degree of iron modifica-
tion is determined by the loading of friction couple, but also depends on 
the way sulfur is bonded in polymer material. Possibility for modification 
is limited only to materials, which contain sulfur either in a form of ionic 
sulfide crosslinks (SBR and ebonite) or side chains (polysulfide rubber). 
Degradation of polymer macromolecules during friction (polysulphone 
and ebonite in this case under high loading) does not lead to the formation 
of FeS. Chemical reaction between sulfur and iron takes place only in the 
case of ionic products of polymer destruction containing sulfur.

2.1 INTRODUCTION

Interest towards chemical reactions accompanying friction has been grow-
ing in the last few years. This is reflected by significant progress in very 
important area of tribiology, called tribochemistry [1]. One of its priorities 
are studies on chemical reactions taking place in the surface layer of mate-
rials constituting the friction couple and their exploitation consequences, 
for example, concerning creation of protective layers, lowering wear, etc.

An increase of temperature in tribiological contact during friction is 
well known. It facilitates the phenomenon of selective transfer of polymer 
components, followed by their chemical reaction with the surface layer of 
metal counterface, in the case of rubber-metal friction couple. The modi-
fi cation cannot only effect composition and structure of the surface layer 
of polymer but metal as well [2]. Our previous studies confi rmed on the 
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possibility to modify the surface layer of iron counter face by sliding fric-
tion against sulfur vulcanizates of styrene-butadiene rubber (SBR) [3, 4]. 
Extend of modifi cation is related to the kind of dominated sulfur cross-
links. An increase of temperature accompanying friction facilities break-
ing of cross links present in vulcanizate, especially polysulfi de ones [5]. 
The highest degree of modifi cation was detected for Armco iron specimen 
working in tribiological contact with rubber crosslinked by an effective 
sulfur system of short: mono- and di- to long polysulfi de crosslinks ra-
tio equal to 0.55. Polysulfi de cross-links characterize themselves by the 
lowest energy from the range of cross-links created during conventional 
sulfur vulcanization (-C-C-, -C-S-C-, -C-S2-C-, -C-Sn-C-; where n≥3) [6]. 
So, their breaking as fi rst is the most probable. As a result, the release of 
sulfur ions, representing high chemical reactivity to iron, takes place. FeS 
layer of 100–150 nm thickness was detected on iron specimen subjected 
to friction against sulfur vulcanizates of SBR [3]. It lubricates effi ciently 
the surface of metal, reducing the coeffi cient of friction [7]. As a com-
pound of low shearing resistance, FeS is easily spreaded in the friction 
zone, adheres to metal counter face, penetrating its micro roughness. Even 
very thin layer of FeS showed to be effective due to high adhesion to iron. 
Metal oxides (mainly Fe3O4) being created simultaneously on the metal 
surface, act synergistically with FeS, making it wear resistance signifi cant-
ly increased [8]. This paper is to compare other polymer materials contain-
ing sulfur to conventional rubber vulcanizates in terms of their ability to 
the surface modifi cation of iron. The polymers studied vary from sulfur 
vulcanizates either according to crosslink density (ebonite) or the kind of 
sulfur incorporation in macromolecules (polysulphone rigid material and 
polysulfi de rubber elastomer).

2.2 EXPERIMENTAL PART

2.2.1 MATERIALS

Surface polished specimen made of Armco iron were subjected to exten-
sive friction against:

• polysulphone PSU 1000 (Quadrant PP, Belgium), 
• crosslinked polysulfide rubber LP-23 (Toray, Japan), 
• ebonite based on natural rubber [9], or
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• carbon black filled sulfur vulcanizate of SBR Ker 1500 (Z. Chem. 
Dwory, Poland).

Composition of the materials studied is given in Table 2.1.

TABLE 2.1 Composition of the Polymer Materials Studied

Material Components Polysulfide 
rubber

Ebonite Conventional 
rubber (SBR)

Polysulphone

Styrene-butadiene rubber, 

Ker 1500

100

Natural rubber, RSS II 100

Polysulfide rubber, LP-23 100

Poly(sulphone), PSU 1000 100

Stearic acid 1

Zinc oxide, ZnO 3

HAF carbon black, 

Corax N 326

50

Ebonite powder 50

Linseed oil 2

Isostearic acid 0.20

Manganese dioxide, MnO2 10

Tetramethylthiuram disul-
fide, TMTD

0.50

N-third buthyl-di-benzo-
thiazolilosulphenamide, 
TBBS

2.20

Zinc dithiocarbamate, 
Vulkacit

1

Sulfur, S8 42 0.80

Rubber mixes were prepared with a David Bridge (UK) roller mix-
er. Specimen for further examinations was vulcanized in a steel mold at 
160 °C, during time τ 

0.9, determined rheometrically with a WG 05 
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instrument (Metalchem, Poland), according to ISO 3417. Liquid polysul-
fi de rubber was cured at room temperature by means of chemical initiator, 
activated by MnO2. Polysulphone specimens were prepared by cutting off 
from a rod.

Modifi cation of Armco iron counterface was performed by rubbing of 
polymer materials studied against metal specimen. The process was real-
ized with a T-05 tribometer (IteE-PIB, Poland).

2.2.2 TECHNIQUES

2.2.2.1 TIME OF FLIGHT-SECONDARY ION MASS 
SPECTROSCOPY (TOF-SIMS)

Studies were carried out by means of an ION-TOF SIMS IV instrument 
(Germany), operating with a pulse 69Ga ion gun of beam energy 25kV. Pri-
mary ion dose was any time kept below 3×1011 cm–2 (static mode). Nega-
tive and positive ion spectra of iron specimen were collected in the range 
of m/z 1–800, before and after friction against polymer materials. Analysis 
was narrowed to the range of m/z<35, which showed to be the most rel-
evant in terms of sulfur modification. The most informative signals can be 
subscribed to: H– (m/z = 1), C– (m/z = 12), CH– (m/z = 13), O– (m/z = 16), 
OH– (m/z = 17), C2

– (m/z = 24), S– (m/z = 32) and SH– (m/z = 33). Any 
time counts of S– and SH– were normalized to the total number of counts 
present in the spectrum.

2.2.2.2 RAMAN SPECTROSCOPY

Studies were carried out by means of a Jobin-Yvon T64000 (France) in-
strument, operating with a laser of 514.5 nm line and power of 50–100W. 
The spectrometer was coupled with a BX40 Olympus confocal micro-
scope, operating with Olympus LMPlanFI 50* (NA=0.50) or LMPlan 50* 
(NA=0.75) objectives. The surface of iron specimen was examined with 
acquisition time of 240–540 s, at least in two distant places, before and 
after friction. The Internet RASMIN database [10] was used for mate-
rial identification. Characteristic absorption bands for FeS are present at 
wavelengths of 270 and 520 cm–1 (Fig. 2.1).

© 2015 by Apple Academic Press, Inc.

  



20 Engineering Materials: Applied Research and Evaluation Methods

FIGURE 2.1 FT-Raman spectrum of iron sulfide [10].

2.2.2.3 TRIBOLOGICAL CHARACTERISTICS

Tribological characteristics of the materials studied were determined with 
a T-05 (ITeE-PIB, Poland) tribometer, operating with a block-on-ring fric-
tion couple. Ring made of polymer material was rotating over a still block 
made of Armco iron. The instrument worked together with a SPIDER 8 
Hottinger Messtechnik (Germany) electronic system for data acquisition. 
The way for data analysis has been described in Ref. [11]. Polymer rings 
of diameter 35 mm, rotating with a speed of 60rpm were loaded within the 
range of 5–100N, during 60–120 min.

2.3 RESULTS AND DISCUSSION

In order to explain the influence of the way sulfur is bonding in polymer 
materials on modification of the surface layer of iron, the metal counter-
face was subjected to sliding friction against:
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• polysulphone (load of 20N/ time 2 h), 
• ebonite (load either 20 or 100N/ time 2 h), 
• SBR vulcanizate (load 20N/ time 2 h), and
• polysulfide rubber (load 5N/ time 1 h).
The load and time of friction in the last case have to be decreased due 

to low mechanical strength of polysulfi de rubber.
From the specifi c spectra of secondary ions (Fig. 2.2) and comparison 

between normalized counts for particular cases (Fig. 2.3) it follows, that 
the highest amount of sulfur, in a form of SH– ions, was transferred to 
the surface layer of iron counter face by ebonite. In the case of polysul-
phone, due to strong sulfur bonding to macromolecular backbone (Fig. 
2.4) and different from other polymers studied mechanisms of mechano-
degradation, the expected effect of sulfur transfer is practically absent. 
The amount of iron sulfi de, created in the surface layer of iron counter 
face depends on reactivity of sulfur containing polymer fragment be-
ing released during friction and their concentration in the friction zone. 
From possible substrates, involved in the creation of FeS, the highest 
affi nity to iron exhibit polysulfi de cross links and ionic products of their 
destruction, released from some polymer materials subjected to inten-
sive friction against the metal counter face. They can be produced only 
in the case of SBR vulcanizate and ebonite, what can be explained by 
their chemical structure. One should pay attention to different load being 
applied for the polymer materials studied. In the case of unfi lled polysul-
fi de rubber, the time of friction has additionally to be limited due to low 
mechanical strength of the material. However, an example of ebonite, 
demonstrates that an increase of loading not necessarily has to lead to 
higher extent of modifi cation of iron counter face during friction – (Figs. 
2.2 and 2.3).
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FIGURE 2.2 Specific TOF-SIMS spectra collected from the surface layer of iron Armco 
specimen, subjected to friction against various polymer materials studied: A – virgin, B – 
polysulphone, C – SBR vulcanizate, D – ebonite/100 N, E – ebonite/20N.
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FIGURE 2.3 Normalized TOF-SIMS spectra count of S– and SH– ions for the surface 
layer of Armco iron specimen subjected to friction against various polymer materials 
studied.

FIGURE 2.4 Chemical structure of polysulphone.

It can be the result of prevailing, under extreme friction conditions, 
radical degradation of macromolecules, accompanied by intensive oxi-
dation of polymer. Distribution of all ions in the surface layer of metal 
is uniform. A part of sulfur ones, released from polymer materials, also 
oxides are formed, what facilitates antifriction properties of metal [12]. 
Iron sulfi de present can further be oxidized during friction to sulphones, 
which are even better lubricating agents. However, under too high loading 
conditions ionic mechanism of crosslink breaking is not able to show up, 
losing to macromolecular degradation, what explains lower effi ciency of 
the modifi cation of iron with sulfur. In order to confi rm TOF-SIMS data 
on FeS presence in the surface layer of Armco iron subjected to friction 
against various polymer materials (Fig. 2.5), complementary studies with 
Raman spectroscopy were carried out. Comparing collected spectra (Fig. 
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2.6) to the standard FeS spectrum from the database (Fig. 2.1), only the 
spectra of iron surface after friction against SBR vulcanizate and polysul-
fi de rubber indicate on possible sulfur modifi cation. Analysis of the sur-
face of Armco iron specimen subjected to friction against polysulphone 
or ebonite did not bring unique results. FT-Raman spectra contain signals 
the most likely coming from degraded fragments of macromolecules or 
unidentifi ed compounds containing carbon, oxygen and hydrogen. For the 
above two cases any absorption peak in the region characteristic for the 
FeS could not be assigned.

FIGURE 2.5 Maps of the surface distribution of some ions for Armco iron subjected to 
extensive friction against SBR vulcanizate (brighter color indicates on higher intensity of 
ion present).
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FIGURE 2.6 (Continued)
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FIGURE 2.6 FT-Raman spectra of the surface layer of Armco iron specimen subjected to 
friction against various polymer materials studied.

Tribological characteristics of polymer materials sliding against Arm-
co iron are demonstrated in Fig. 2.7. Friction force and energy curves vary 
from material to material due to their different chemical structure and re-
lated mechanical properties. From tribiological point of view, the most 
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effi cient modifi cation has to be subscribed to ebonite-iron friction couple. 
In this case median of the friction force and discrete levels of energy ex-
hibit the most stable courses among all the friction couples studied. The 
second run, repeated for new ebonite roll after 2hrs of previous frictional 
modifi cation of Armco iron, resulted in above 10% reduction of the coef-
fi cient of friction (Fig. 2.7B). The fi rst run for SBR vulcanizate (Fig. 2.7C) 
exhibits “classical” course with characteristic maximum of the coeffi cient 
of friction, which appears already after some minutes from the start of 
experiment. For the fi rst 100 min value of the friction force gradually de-
creased from 38 down to 26N, eventually stabilizing at this level. In the 
second run, the friction force comes back to the initial value, but right af-
ter beginning immediately goes down to the fi nal value after the fi rst run. 
It means that in the case of SBR vulcanizates, the modifi cation of metal 
counter face is the most important for the beginning of friction. Tribiologi-
cal characteristics determined for polysulfi de rubber (Figs. 2.7E and 2.7F) 
are not so stable as for ebonite or SBR vulcanizates, probably because of 
poor mechanical properties of polysulfi de rubber. Nevertheless, the modi-
fi cation of the surface layer of Armco iron, confi rmed by TOF-SIMS and 
Raman spectroscopy, is also refl ected by tribiological data. In the fi rst cy-
cle, the friction force is maintained at the level of 17–18N during the fi rst 
25 min, and suddenly goes down to 10N, which level is kept constant till 
the end of experiment. The drop is refl ected by signifi cant increase of the 
energy component responsible for high-energy vibrations (200–600 Hz). 
The vibrations of such energy are not present in tribological characteristics 
of elastomers [11]. Similarly to SBR vulcanizate, the second run for poly-
sulfi de rubber starts from higher value of the friction force, which quickly 
goes down and stabilizes itself at the fi nal level of the fi rst run. In the case 
of polysulphone (Figs. 2.7G and 2.7H) any tri biological effects, able to 
be subscribed to the surface modifi cation of iron counter face, have not 
been observed. During the fi rst run, value of the friction force is increas-
ing, eventually reaching stabilization at the level of 9N, shortly before the 
end of experiment. The second run starts from the friction force value of 
5N, which gradually increases up to the fi nal level of the fi rst run. At this 
moment, this requires about 40 min from start, its course become very un-
stable, probably because of intensive wear of iron counter face infl uencing 
experimental data.
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FIGURE 2.7 (Continued)
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FIGURE 2.7 (Continued)
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FIGURE 2.7 Tribological characteristics of Armco iron-polymer material friction couple.
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2.4 CONCLUSIONS

1. Extensive friction against polymer materials containing sulfur can 
result in surface modification of Armco iron counter face with FeS. 
Extent of the modification depends on the way of sulfur bonding to 
macromolecules.

2. The results obtained point of higher efficiency of modification, 
when sulfur is present in ionic cross-links of polymer material-SBR 
vulcanizate and ebonite, contrary to constituting its macromole-
cules-polysulphone. Degradation of the latter is of radical charac-
ter and its products immediately react with atmospherics oxygen. 
Only ionic species, produced by breaking of sulphidic cross-links, 
are able to react with iron.

3. The extent of modification is straightly related to the amount of 
sulfur being present in cross-links. The highest amount of sulfur 
in the case of ebonite results in the highest degree of modification 
of the surface layer of Armco iron after tri biological contact. Ap-
plication of cured polysulfide rubber is less effective due to the 
lack of sulfide cross links in structure of the material. Addition-
ally, its poor mechanical properties are responsible for a transfer of 
low molecular weight products of wear onto the metal counterface, 
whereas “strong” polysulphone makes Armco iron sample worn 
off.

4. TOF-SIMS data for Armco iron point on the highest degree of sul-
fur modification being the result of friction against ebonite, SBR 
vulcanizate and cured polysulfide rubber. The spectra represent the 
highest amount of species containing sulfur.

5. Tribological characteristics confirm the influence of sulfur modi-
fication of metal counter face on lowering friction for the metal-
polymer couples studied. In the case of ebonite, the coefficient 
of friction reduced significantly for the whole experimental run, 
whereas application of SBR vulcanizate or polysulfide rubber was 
effective only during the first period of experimental cycles. Any 
improvement of tribiological characteristics was not assigned for 
polysulphone. The polymer was observed to worn the surface of 
iron counterface, what resulted in increase of the coefficient of 
friction in this case.
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ABSTRACT

It is noted that the durability of asphalt concrete pavements is determined 
by the time of the trunk cracks formation in the polymer-containing com-
posites in the modified by elastomers (e.g., by rubber) bitumenous binder 
of asphalt. Developed by the authors [1] previously the theory of the cracks 
propagation in heterosystems has allowed to investigate the problem of the 
cracks propagation in the rubber-bitumen composite. This investigations 
show that most effectively to prevent the trunk cracks formation in asphalt 
concrete can ultrafine rubber particles (150–750 nm) in a bitumenous 
binder of asphalt.

3.1 INTRODUCTION

The constant interest in elucidation of new possibilities to increase of 
the asphalt concrete pavements durability continues to persist for several 
decades. Such pavements are composites consisting of gravel, sand and 
the polymer-containing composite (bitumen) in rationally chosen ratios. 
According to modern notions, it is assumed that the durability of asphalt 
concrete pavements is determined by the appearance of numerous major 
trunk cracks in the pavement. This conclusion is confirmed, in particular, 
in numerous reports (over 130), presented at a special conference devoted 
exclusively to the problem of cracking in pavements [2]. It was shown ear-
lier and in reports of the conference that a certain increase in the durability 
of pavements can achieve by introducing into the bitumenous binder of 
elastomers (synthetic rubbers or crushed technical rubber). However, very 
important question about a quantitative determination of the optimum size 
of elastomers particles introduced into the bitumen for providing of maxi-
mum durability of pavements, until recently, remained open. The theoreti-
cal solution of above problem is presented in the next section.

3.2 DEVELOPMENT OF CRACKS IN CYCLICALLY LOADED 
POLYMER-CONTAINING COMPOSITES

The main destruction mechanism of solids is the nucleation and growth 
of cracks. One of the most effective ways to improve the performance 
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properties of the material is the introduction into bitumen of elastic modi-
fier such as SBS or rubber in an amount of 1–10%. Asphalt concrete (AC) 
is a combination of different mineral components mixed with bitumen. 
Bitumen is a small portion of asphalt material, but plays a very impor-
tant role in binding together the material, wherein the cracks are generally 
propagating in a bitumenous component.

In this paper the negative Celsius temperatures were assumed, when 
the material can be regarded as elastic solid with suffi cient accuracy. In 
present paper were used classical notions of Griffi ths and Orowan. These 
notions, suitable for description of the cracks behavior in homogeneous 
materials, were modifi ed for description of crack development in het-
erogeneous materials. In heterogeneous materials, as AC, the embryonic 
voids with the characteristic sizes aini 20–50 nm with a concentration c0 
=1017–1021 м–3 [3], however, their effect on the strength and durability of 
the materials can be decisive.

The mechanical impact on heterogeneous materials leads existence of 
areas with high local stresses σloc = β1·σ0 ≈ (3÷10)σ0 [4], where β1 is the 
overstress factor. Areas with the most elevated local stress, comparably 
with the average stress σ0~1.5 MPa are located in asphalt concrete near the 
acuminated borders of mineral component particles in narrow inter layers 
of binder between the mineral particles of the asphalt. Additional stress 
concentrators are available in asphalt concrete macro cracks, original and 
also the newly formed under intense mechanical stresses.

The local stresses σloc in areas of hetero-structures spaced at distance 
r from a crack’s tip exceed external stress in such structures by the factor 
β2 = Ö (a/r). The estimation gives β2~50 for the region with the size of 5 
microns spaced apart from the tip of the macro crack with length a=1 cm. 
Evaluation of the resultant stress near the crack’s tip in the vicinity the 
border of mineral particles gives the value σloc=β2·β1·σ0 > 200 MPa. These 
high local stresses up to 300 MPa, as noted in [5], were found also in the 
polymeric material. It should be noted that for larger local stress smaller 
spatial scale is typical. Regarding ultrahigh local stress of a few hundred 
MPa, the size of the corresponding area is between one and several mi-
crometers. It is in these areas the nucleation and growth of cracks occurs, 
with their transformation into supercritical locally.

Rubber modifi er is characterized by a slow rate of fatigue growth under 
external cyclic loads as well as high energy of new surface γR, signifi -
cantly exceeding (by tens or hundreds times) of bitumen surface energy γB. 
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Therefore, the crack critical size in the rubber is signifi cantly larger than 
the critical size in the bitumen acr

(R)>> acr
(B).

Important role in increasing the strength of polymers play the “crazes” 
formed near modifi er particles at adding modifi er. (See, for example, [6]). 
Energy expenses for the micro cracks formation allow fast enough to re-
duce the level of tension of the polymer sample and there by hinder its 
destruction. Energy spending for the micro cracks formation let to reduce 
fast enough the level of tension of the polymer sample and thereby hinder 
its destruction. Also, the presence of crazes in the vicinity of the modifi er 
particles leads to the fact that more amount of energy is needed to create a 
new surface. The principle of retardation and stopping of fast propagating 
cracks in mechanically loaded AC pavement by particles of elastic modi-
fi er is demonstrated in Fig. 3.1.

FIGURE 3.1 Schematic diagram of breaking and stopping of the disc-shaped crack 
at meeting with elastic modifier particles in bitumen. a) The cross section of modified 
bitumen sample by the plane coinciding with plane of the disk-shaped crack (shaded). 
Additional explanations see the text. b) The cross section of the same sample by the plane 
of perpendicular to the crack plane of (light). Crack surrounded with bitumen (shown in 
black) and partially penetrates into elastic modifier particles (shaded).
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Initial microvoids are completely different shapes. Some portions α 
of them have a shape, which can be approximately regarded as submicro-
cracks with the size aini. For some time τ they grow up to suffi ciently small 
critical size acr

(B) in the bitumen matrix. These cracks are disc-shaped, so 
the size of the crack can be characterized by its radius a. After exceeding 
the critical size rapid cracks growth begins in the asphalt until it meets 
an obstacle in the form of a particle modifi er. And, as shown in Fig. 3.1, 
losing energy crack is stopped by modifi er particles. Fatigue crack growth 
continues, albeit relatively slow. Cracks grow relatively fast in the bitu-
men and much slower when penetrating into the rubber. Cutting of elastic 
modifi er particles by the trapped crack due to fatigue growth requires a 
very long time. Critical size of the disk-shaped crack is determined from 
the equation [7]:

 
21.6cra Eγ σ=  (1)

where E is modulus of elasticity of the material. We estimate the value of 
the critical radius in the various components. Values of EB and γB depend 
on the bitumen grade and the ambient temperature. To estimate we took 
intermediate values EB = 1GPa and γB = 10 J/m2 [8], ER = 100 MPa and γR 
= 20 kJ/m2 [9]. Then, when σloc = 250 MPa the critical radius of the disc-
shaped cracks in the bitumen is equal to acr

(B) = 250 nm and in rubber acr
(R) 

= 50 microns. Grown to a size greater than acr
(B), the crack can quickly 

accelerate and turn into a destructive trunk crack in the pure bitumen. To 
prevent such crack development the modifier rubber particles are incorpo-
rated in the bitumen. Let us give here briefly the theory of crack’s stop-
ping in solids by modifier particles [10]. The total energy of a disk-shaped 
crack of radius a:

( )( )23 2 2 ( ) ( ) ( ) 21 (2 ) 1 3 (2 ) 0, ( )B B R
m cr cr cr ma a a a a a A cE kπ ρ⎡ ⎤− + − + = =⎢ ⎥⎣ ⎦v v v  (2)

where ρ is the material density, v is the rate of crack propagation, vm is the 
limiting crack velocity, A is a new generated area at crack penetration into 
the rubber component. Critical crack size acr

(B) in the bitumen component 
is determined from the condition dEtot(a, v=0)/da = 0. When crack is cross-
ing inclusions, significant role plays the last term on the left side in Eq. 
(2). Approximately, in accordance with Fig. 3.1, one can take A = zπxd/6, 
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where x – an average path passed by the crack in the rubber inclusion, z  4 
is the coordination number, approximately equal to the minimum number 
of inclusions required to stop crack. Coefficient of d is chosen so that at 
the full dissecting of inclusion particle (x = d) the formed area was equal 
to the average area of particles cross-section. From the Eq. (2) we can find 
a mean path xS, passed the crack in the modifier particle before crack stop. 
At the condition acr

(B) << aS, solving the equation (2), we obtain:

 ( )3 ( )4 R
S S crx a za d=  (3)

where aS is crack radius at which it is stopped. To stop the crack the in-
equality xS<d is necessary and we have the inequality:

 ( )2 3 ( )4 R
stop crd a za>  (4)

The crack’s circular front when pinned is strongly curved. If the crack 
front deviation is δ×a, then the active volume at the crack passage is equal 
2πδa2

Sd, then the number of inclusions, caught in this volume equals 
2πδda2

SCm=z, Cm=3r–3 
m/4π, where rm is the mean distance between mod-

ifier particles, Cm is their concentration. Since the fractional volume is 
equal Vfr = R3/rm

3=d3/8rm
3, then we obtain that aS=z1′2d (12δVfr)

–1′2. Substi-
tuting this value in Eq. (4), we have d < 0.25(12δ)3′2 z–1′2 Vfr

3′2 acr
(R)=dmax. 

For self-consistency, that this condition coincides with the condition aS < 
acr

(av) it is required to put δ = 1/3., that is, cracks exceeding the critical size 
in the bitumen acr

(B) will grow rapidly to the size of aS=z1′2d(12δVfr)
–1′2, 

until stopped by modifier particles. After this the rapid crack growth takes 
turns to the slow fatigue growth from the size aS to a critical size in aver-
aged medium acr

(av)=Vfracr
(R). In the calculations the fatigue crack growth 

was used Paris’ law:

 ( )/ ;n
locda dN A K K aσ π= Δ =  (5)

where A and n are material parameters, ΔK is the amplitude the stress 
intensity factor change. Fate of crack can be as follows. The initial em-
bryonic submicrocracks of size aini grow slowly and then exceed the size 
acr

(B). Thereafter, they are rapidly super critically growing in the bitumen to 
a size aS (d), until stopped by modifier particles. After stopping by modi-
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fier particles cracks will grow by fatigue way to the critical size acr
av of 

averaged medium. The two parallel process of cracks conversion in the 
supercritical are possible.

1. Accumulation of cracks at the boundary aS(d) and their subsequent 
merging to generate a supercritical crack. Let the concentration 
of initial submicrocracks is αc0. As a result of cyclic impact they 
transform into supercritical state for bitumen matrix in characteris-
tic time intervalt. Then they propagate fast in the matrix to the size 
aS(d) and then stop. Concentration c of the stopped cracks varies 
as dc/dt=ac0/t. At a concentration of c = cmax – astop

–3 the stopped 
cracks begin to touch each other and then merge to generate a large 
supercritical crack which can turn into a trunk crack, destroying the 
entire sample. The value t can be estimated as durability of the pure 
bitumen material.

2. The second process is fatigue growth of stopped crack from the 
length of a0= aS = 0.5z1/2 Vfr

–1/2d to a length a = acr
(av). Assuming that 

the fatigue crack growth occurs under the Paris law (5) the ratio Nr 
of modified bitumen durability (measured by the number of load 
cycles) and of unmodified bitumen durability was calculated. The 
results of our calculations using of Eqs. (2)–(5) are shown in Fig. 
3.2.

FIGURE 3.2 Calculated dependences of the relative durability Nr of cyclic loaded rubber-
bitumen binder samples on the sizes of the rubber particles introduced into the bitumen.
Curve 1 – at an average mechanical stress in the pavement σ = 2.5 MPa.
Curve 2 (σ = 3.75 MPa) Curve 2 (σ = 5 MPa). The relative volume of rubber inclusions in 
rubber-bitumen binder Vfr = 5%.
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3.3 ÑONCLUSION

As can be seen from Fig. 3.2, it is necessary to use very small (150–750 
nm) rubber particles in the asphalt binder to ensure optimal high durability 
of pavement. It should be noted that obtaining of the most inexpensive raw 
materials (tire rubber fine particles) for successful modifying bitumen was 
possible only by using the original method of “High-temperature shear-
induced grinding of polymers and their composites” developed by Prof. 
Nikolskii. Recently, it was shown that the durability of bitumen binder 
samples manufactured with using rubber particle sizes (about 0.5–0.8 
microns) is several times greater the durability of samples manufactured 
from known domestic and foreign brands of bitumen binders modified by 
rubber with using rubber particle sizes higher than 2–4 micron [11].
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ABSTRACT

The structure and physical properties of the thermoplastic vulcanizates 
produced in the process of the reactive processing of polypropylene and 
ethylene-octane elastomer in the form of alloy, using the cross-linking sys-
tem was analyzed.

4.1 INTRODUCTION

With the DMTA, SEM and DSC it has been demonstrated that the dynami-
cally produced vulcanizates constitute a typical dispersoid, where semi-
crystal PP produces a continuous phase, and the dispersed phase consists 
of molecules of the cross-linked ethylene-octane elastomer, which play 
a role of a modifier of the properties and a stabilizer of the two-phase 
structure. It has been found that the mechanical as well as the thermal 
properties depend on the content of the elastomer in the blends, exposed 
to mechanical strain and temperature. The best results have been achieved 
for grafted/cross-linked blends with the contents of iPP/EOE-55/45%.

Three com. ethene/n-octene copolymers (I) were blended with a com. 
isotactic polypropylene (II) grafted/crosslinked with mixts. Of unsatu-
rated silanes and (PhCMe2O)2O under conditions of reactive extrusion at 
170–190 °C and studied for mech. Properties, thermal stability and micro-
structure. The composite materials consisted of semi crystals II matrix and 
dispersed small pertides of cross-linked I. The best mech. properties were 
when the II/I mass ratio was 55/45.

The thermoplastic elastomers (TPE) are a new class of the polymeric 
materials, which combine the properties of the chemically cross-linked 
rubbers and easiness of processing and recycling of the thermoplastics 
[1–8]. The characteristics of the TPE are phase micrononuniformity and 
specifi c domain morphology. Their properties are intermediate and are in 
the range between those, which characterize the polymers, which produce 
the rigid and elastic phase. These properties of TPE, regardless of its type 
and structure, are a function of its type, structure and content of both phas-
es, nature and value of interphase actions and manner the phases are linked 
in the system.

The progress in the area of TPE is connected with the research oriented 
to improve thermal stability of the rigid phase (higher Tg) and to increase 
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chemical resistance as well as thermal and thermo-oxidative stability of the 
elastic phase [2]. A specifi c group among the TPE described in the litera-
ture and used in the technology are microheterogeneous mixes of rubbers 
and plastomers, where the plastomer constitutes a continuous phase and 
the molecules of rubber dispersed in it are cross-linked during a dynamic 
vulcanizing process. The dynamic vulcanization is conducted during the 
reactive mixing of rubber and thermoplast in the smelted state, in condi-
tions of action of variable coagulating and stretching stresses and of high 
coagulating speed, caused by operating unit of the equipment. Manner of 
producing the mixtures and their properties as well as morphological traits 
made them be called thermoplastic vulcanizates (TPE-V) [9, 10]. They are 
a group of “customizable materials” with confi gurable properties. To their 
advantage is that most of them can be produced in standard equipment 
for processing synthetics and rubbers, using the already available genera-
tions of rubbers as well as generations of rubbers newly introduced to the 
market with improved properties. A requirement of developing the system 
morphology (a dispersion of macromolecules of the cross-linked rubber 
with optimum size in the continuous phase of plastomer) and achieving an 
appropriate thermo plasticity necessary for TPE-V are the carefully select-
ed conditions of preparing the mixture, (temperature, coagulation speed, 
type of equipment, type and amount of the cross-linking substance). When 
selecting type and content of elastomer, the properties of the newly cre-
ated material can be adjusted toward the desirable direction. Presence of 
the cross-linked elastomer phase allows for avoiding glutinous fl ow un-
der the load, what means better elasticity and less permanent distortion 
when squeezing and stretching the material produced in such a manner 
as compared to the traditional mixtures prepared from identical input ma-
terials, each of which produces its own continuous phase. With the dy-
namic vulcanization process many new materials with confi gured proper-
ties have been achieved and introduced to the market. The most important 
group of TPE-V, which has commercial signifi cance, are the products of 
the dynamic vulcanization of isotactic polypropylene (iPP) and ethylene-
propylene-diene elastomer (EPDM). It is a result of properties of the PP 
and EPDM system, which, due to presence of the double bonds, may be 
cross-linked with conventional systems, which are of relatively low price, 
good contents miscibility and ability to be used within the temperature 
range 233–408 K [11–15].
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Next level in the fi eld of thermoplastic elastomers began with develop-
ment of the metallocene catalysts and their use in stereo block polymeriza-
tion of ethylene and propylene and copolymerization of these olefi ns with 
other monomers, leading to macromolecules with a “customized” structure 
with a microstructure and stereo regularity defi ned upfront. The catalysts 
enabled production of the homogeneous olefi n copolymers, which have 
narrow distribution of molecular weights (RCC=Mw/Mn<2.5). According 
to the developed technology called Insite and using the on-place catalyst 
[16, 17]. The Dow Chemical Co-company produces the olefi n elastomers 
EngageTM, which contain over 8% of octane. Co-polymers Engage are 
characterized by lack of relation between the traditional Mooney viscosity 
and the technological properties. Compared to other homogeneous poly-
mers with the same fl ow index, they are characterized by higher dynamic 
viscosity at zero coagulation speed and decreasing viscosity at increasing 
coagulation speed. They have no fi xed yield point. Saturated nature of 
elastomer, caused by absence of diene in the chain, results in some restric-
tions in choice of the cross-linking system. The ethylene-octane elasto-
mers can be easily radiation cross-linked with peroxides or moisture, if 
they are formerly grafted with silanes. There is relatively not much de-
scription of the behavior of the ethylene-octene elastomer in the dynamic 
vulcanization process in the literature. The specifi c physical properties of 
such elastomers and possibility to process them within a periodic process 
as well as within a continuous process, due to convenient form of the com-
mercial product (granulate) encouraged us to start the recognition works 
on development of the technology of producing thermoplastic vulcani-
zates from the mixture of elastomer Engage and iPP.

Use a silane-based cross-linking system in the dynamic vulcaniza-
tion process seemed the most interesting. For the research works one of 
the known methods of cross-linking polyolefi ns with silanes was used, 
assuming that the cross-linking of EOE would proceed according to the 
analogous mechanism. In the seventies of the twentieth century the Dow 
Corning Co. company developed two methods of the hydrolytic cross-
linking of polyolefi ns grafted with vinylosilanes according to the radical 
mechanism [18, 19]. Nowadays, three polyolefi n cross-linking methods 
are widely used in the industrial production. The grounds for distinguish-
ing them are technological equipment and procedure. It is one-phase and 
two-phase method and a “dry silane method,” available only under license 
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[20]. The mechanism of cross-linking PE with the cross-linking system: 
silane/peroxide/moisture is shown schematically in Fig. 4.1.

FIGURE 4.1 Crosslinking mechanism of polyolefins with a silane. (a) Rigid bond C-C; 
(b) Elastic bond Si-O-Si.
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The process of catalytic hydrolyzes of the alcoxylene groups of the 
grafted silane to the silane groups and, then, the catalytic condensation of 
the silane groups leads to production of the cross-linked structure through 
the siloxane groups. The hydrolyze and the condensation take place in 
an increased temperature with presence of the catalyst and water. Dibutyl 
tin dilaurate (DBTL) is most often used as a catalyst of the reaction. The 
catalyst may be added either to the polymeric blend (it constitutes an in-
creased risk of the premature cross-linking), or in the form of a premixed 
reagent during the processing. The mechanism of action of DBTL, as a 
cross-linking catalyst, is complex and has not been suffi ciently explained.

As a result of cross-linking the polyolefi ns with silanes the Si-O-Si 
bonds are produced, which are more elastic than the rigid bonds C-C cre-
ated as a result of cross-linking of polymers induced by radiation and per-
oxides (Fig. 4.2). Use of silanes gives more elastic products and the cross-
linking process is more cost-effective.

FIGURE 4.2 Structure of polyolefins crosslinked with a (a) peroxide or radiation, (b) 
with a silane.
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4.2 EXPERIMENTAL PART

4.2.1 RAW MATERIALS

Isotactic polypropylene Malen P-F401 iPP, for extrusion, made by Orlen 
SA; flow index 2.4–33.2 g/10 min, yield point in stretching 28.4 MPa, 
crystallinity level 95%;

• The ethylene-n-octene elastomer s EOE type Engage, synthesized 
according to the Insite technological process, manufactured by Du-
Pont Dow Chemical Elastomers (Table 4.1);

• Silanes: Silquest A-172 vinylo-tris (2-methoxyethoxysilane), Sil-
quest A-174–3-methacryloxypropyltrimethoxysilane, manufactured 
by Vitco SA;

• Dicumyl peroxide with 99% content of the neat peroxide, manufac-
tured by ELF Atochem;

• Antioxidant tetra-kis (3, 5-di-tetra-butyl-4-hydroxyphenyl) propio-
nate, manufactured Ciba-Geigy.

4.2.2 TEST METHOD

Three types of EOE from the wide range offered by the manufacturer were 
selected (Table 4.1). The general-purpose elastomers were selected with 
high content of octane and a defined characteristic.

The test were made aimed for determining a threshold value of content 
of elastomer in the iPP/EOE mixture, which was subject of the dynamic 
vulcanization process, considering the infl uence of these parameters on 
variable properties of iPP. A series of tests was made, in which the propor-
tions of PP and elastomer Engage I were changed in the range 15–60%, 
with continuous addition of the cross-linking system (silane A–172/dicu-
myl peroxide) 3/0.03% in relation to elastomer and antioxidant additive 
0.2%.

For the tests of preparing dynamic vulcanizates in the continuous pro-
cess of reactive extrusion a twin-screw mixer-extruder DSK 42/6D manu-
factured by Brabender was used. The vulcanizates were produced dynami-
cally in the process of one-stage or two-stage extrusion process, setting the 
favorable operating parameters for the device, which had been determined 
based on multiple tests: distribution of temperatures in each heating area 
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of the extruder: 170/180/190 °C, screw rotation: 40/min. In the one-stage 
process all the components provided in the formula (elastomer, iPP, anti-
oxidant, silane initiating system/peroxide) was initially mixed in a fast-
rotating mixer type Stephan in temperature of 50 °C, next a granulate was 
extruded. In the two-stage process in the fi rst stage the iPP, elastomer and 
antioxidant mixture was extruded, next after mixing granulate with the 
cross-linking system it was extruded again.

The profi les were formed from granulates with an injection molding 
machine type ARBURG-420 M1000-25 All-rounder. For the tests the ac-
tual injection at speed of 10 cm3/s was used with addition at speed of 
15 cm3/s, injection temperatures: 195/200/210/210 °C and blend injection 
time was slightly lower than for iPP itself.

4.2.2.1 METHODS OF ANALYZING THE BLEND

Hardness was marked according to the Shore method, scale D according 
to PN-ISO 868 or according to the ball insertion method according to the 
PN-ISO 868 (MPa). Flow speed index (MFR) was determined according 
to PN-ISO 1033. Resistance properties of the blend with static stretch-
ing were tested according to ISO-527, using a digital tester Instron 4505 
(tear off speed: 50 mm/min). The bending properties were determined ac-
cording to PN-EN ISO 178. In addition to the regular tests, the selected 
blends were subject to specialist examination, such as the thermogravi-
metric analysis (TGA), scanning electron microscopy (SEM), differential 
scanning calorimetry (DSC) and dynamic thermal analysis of mechanical 
properties (DMTA).

The samples were heated in the ambient temperature in temperature 
range of 30–490 °C with speed of 5 deg/min. The test was conducted with 
thermobalance TGA manufactured by “Perkin Elmer.” Turning points were 
made after freezing the samples in the liquid nitrogen for about 3 min. The 
surfaces of the turning points were concocted with gold with vacuum pow-
dering. The SEM JSM 6100 manufactured by JEOL was used to conduct 
the tests. The photographs have been made in magnifi cation of 2000*.

© 2015 by Apple Academic Press, Inc.

  



A Case Study on the Structure and Physical Properties 51

TABLE 4.1 Properties of Ethylene-Octane Elastomers Engage

Elastomer type Properties Engage I Engage II Engage III

Co-monomer content, % of weight (13C 
NMR/FTR)

42 40 38

Density, g/cm3, ASTM 0.863 0.868 0.870

Mooney viscosity, ML

(1+4) 121 °C

35 35 8

MFR, deg/min, ASTM D-1238 0.5 0.5 5.0

Shore hardness A, ASTM D-2240 66 75 75

TABLE 4.2 Selected Properties of the Dynamically Cross Linked Blends in Relations to 
PP/EOE Ratio

Ratio PP/Engage I, % of weight 100/0 85/15 70/30 55/45 40/60

Hardness, °ShD 80 63 57 50 36

MFR (190 °C, 2, 16 kg), g/10 min 2.4 1.63 1.29 1.28 1.15

MFR (190 °C, 5), g/10 min – 5.06 5.89 5.80 4.90

TA 120, °C* 152 143 130 106 ~60

Hardness HK, MPa** 24.7 16.1 12.2 11.8 8.7

Solubility of elastomer in cyclohexane, %

— — 13.9 12.03 14.2

Solubility of elastomer <t4/> in boiling 
xylene, % — — 24.0 33.0 42.0

*TA120 – Vicat softening point, 
**HK – ball pan hardness method.

4.2.3 RESULTS OF THE TESTING

Influence of the content of elastomer Engage I on physical properties of 
TPE with PP and EOE modified (grafting/cross-linking) with a silane/
peroxide cross-linking system has been shown in Fig. 4.3 and Table 4.2. 
The content of comonomer had significant influence on such properties 

© 2015 by Apple Academic Press, Inc.

  



52 Engineering Materials: Applied Research and Evaluation Methods

of the elastomer as elasticity, modulus, density and hardness. Values of 
two last parameters decreased with the increase of content of n-octene in 
elastomer. It has been stated that properties of the dynamically vulcanized 
blends could be adjusted with content of the elastomer phase. With the 
increase of content of EOE in range 15–45% tensile strength increased 
(18–30 MPa), and, in the same time, relative elongation increased with 
tear off (300–700%). With elastomer content over 50% a visible decrease 
of both properties occurred, which came to 15 MPa and 600%, respec-
tively. Whereas hardness expressed in Sh degrees or in MPa) systemati-
cally decreased with the increase of the content of EOE in the blend. The 
optimum content of EOE introduced to PP was 45% and therefore in most 
subsequent tests a blend was used, in which iPP/EOE ratio was 55/45%. 
Such contents had also the blends listed in Table 4.3, made of three types 
of EOE and two types of silane, with constant content of the cross-linking 
system (silane A–174/dicumyl peroxide 3.0/0.01%, Irganox 1010–0.2%. 
The blends containing elastomers Engage I and Engage II, with difference 
of content of octane by 2% Shore hardness A (66 and 75, respectively) 
and with very similar Mooney viscosities, showed comparable resistance 
and rheological characteristic. The blends containing elastomer Engage 
III, with the lowest octane content, were characterized by slightly lower 
variables of tensile strength (tension at the tear off), elongation and hard-
ness, but by a much higher tension at the yield point and high flow index.

FIGURE 4.3 Mechanical properties of the dynamically cross-linked blends in relation to 
PP/EOE ratio, (a) tensile strength, (b) elongation at the tear off.

Such behavior of elastomer Engage III blended with PP resulted prob-
ably from its different rheological characteristic, including its four times 
lower viscosity and very high fl ow index as compared to Engage I, which 
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was recognized as the most suitable for production of nonsaturated blends 
using the dynamic vulcanization method.

TABLE 4.3 Effect of Type of Elastomer Engage Modified with Silane A-174 on the 
Properties of the Dynamically Cross-Linked PP/EOE–55/45% Blends

Elastomer Engage I Engage II Engage III

Blend properties

MFR, g/10 min

(2,16 kg, 190 °C)

1.86 1.80 4.07

Gardbess, °Sh, D 42/39 42/40 39/38ϵB, % 720 752 660

σM, MPa 25.2 29.5 21.9

σ100%, MPa 11.1 12.6 11.0

σy, MPa 11.1 12.6 11.1ϵy, % 24.0 27.9 39.9

Symbols; ϵ100% – tension at 100% elongation, σM – maximum tension, ϵB–relative elongation 
at the tear off, σy–yield point, ϵy–elongation on yield point.

Blend with the selected optimum contents iPP/Engage I 55/45% and 
the selected cross-linking system (silane/peroxide 3/0.03%) were charac-
terized by high thermal stability, independent from type of the material 
employed to cross-linking silane. It has been confi rmed with tests of TGA 
of blend containing silane A-172 and silane A-174 (samples PL-1 and PL-
2, respectively), what is shown in Table 4.4 in temperature of 230 °C the 
decrease of weight did not exceed 0.5%.

TABLE 4.4 Results of the Thermogravimetric Analysis of iPP/EOE-55/45% Blend 
(Engage I)

PL-1(Silane A–172) PL-2 (Silane A–174)
Temperature, °C Decrease of weight, % Temperature, °C Decrease of weight, 

%
230 0.23 230 0.36
300 7.43 300 7.66
352 25.97 378 54.36
363 40.06 405 89.63
430 94.05 426 94.36
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In 300 °C temperature came to as much as 7.5%, and the further in-
crease of temperature caused the progressive degradation process. Analy-
sis of the morphological structure of grafted/cross-linked iPP/Engage I 
blend using the SEM, DSC and DMTA methods showed that the blends 
produced with dynamic vulcanization had a special two-phase structure. 
With scanning electron microscopy photographs of surface of turning 
points of iPP samples and iPP/Engage I 55/45% blends have been made 
(Fig. 4.4). The SEM analysis showed that the obtained blends were mix-
tures of two thermodynamically nonmiscible structures. The continuous 
phase of iPP had a visible semicrystal structure and the spherical and oval 
molecules of the dispersed phase of the cross-linked elastomer were not 
connected to the continuous phase. The viscoelastic properties, assessed 
with the DMTA Mk II equipment manufactured by Polymer Laboratories 
in the sinusoidally variable load conditions at bending with frequency of 
1 Hz, in the temperature range between −100 and +100 °C also showed 
heterogeneous structure of the produced blends.

FIGURE 4.4 SEM microphotographs of: (a) neat iPP, (b) dynamically cross-linked PP/
EOE blend – 55/45%; magnification 2000×.

In Fig. 4.5, course of changes of the storage modulus E,’ loss modulus 
E” and vibration damping factor gδ for iPP and iPP/Engage I blends with 
content of 85/15, 70/30 and 55/45% in relation to temperature has been 
shown. For iPP/EOE blends two, clear relaxation transitions in the range 
of glass transition are visible, near glass points of iPP and EOE.
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FIGURE 4.5 The dynamic mechanical properties of neat PP and dynamically cross-
linked PP/EOE blends in relation to temperature: storage modulus (E’), loss modulus (E”), 
loss tangent (tanδ); (a) PP (b) PP/EOE 85/15, (c)-PP/EOE 70/30, (d)PP/EOE 55/45.

Addition of elastomer slightly moved the glass point of iPP toward 
higher temperatures. PP showed higher values of the E’ modulus as com-
pared to the analyzed composites, whereas in the chart E” one maximum 
appeared corresponding to Tg PP.

TABLE 4.5 Selected Properties of PP and Dynamically Cross-Linked PP/EOE Blend PP/
EOE (55/45%) in the Reactive Processing

Properties PP TE-1
(Silane A-174)

TE-2
(Silane A-172

Yield point, MPa  31.4 12.1 12.5
Relative elongation of yield point, % 9.4 25.1 33.0
Tensile strength, MPa 15.1 15.5 18.3
Elongation at the tear off, % 196 443 440
Tensile shear modulus, MPa 1455 476 430
Bending strength, MPa 39.6 13.0 10.4
Tensile bending modulus, MPa 1499 504 415
 Young modulus, MPa 1520 515 502
HDT, load 1.8 MPa, °C 50.5 38 38
Izod notched impact strength, kJ/m2 3.16 46.7 43.0
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On the DSC thermal images made in positive temperatures (50–210 °C) 
a visible maximum appeared which was connected with thermal transition 
corresponding to the melting point of iPP. Systematic decrease of melting 
point of the thermoplastic phase of iPP in iPP/Engage I blends related to 
the original polymer was observed (Fig. 4.6). Causes of these changes 
could not be unambiguously determined – it is supposed that here the phe-
nomena such, as degradation of iPP in conditions of the high-temperature 
processing change of semicrystal structure of iPP may have occurred. In 
order to compare the properties of iPP/Engage I blend with content of 
55/45%, produced with periodical method and in the one-stage or two-
stage continuous process, a series of tests with use of the general formula 
was performed. Properties of the selected blends cross-linked with the si-
lane A-174/dicumyl peroxide (TE-1) and silane A-172/dicumyl peroxide 
(TE-2) systems have been listed in Table 4.5.

FIGURE 4.6 DSC curves of (1) PP; (2) PP/EOE dynamically cross-linked 55/45%.

4.3 CONCLUSIONS

The conducted tests leaded to developing grounds for the technology for 
dynamic vulcanization of materials with thermo-elastoplastic properties, 
in which a thermoplastic polymer constitutes a continuous phase, where-
as the dispersed phase consists of cross-linked elastomer particles. Basic 
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elastomers are polyisoprene with isotacticity level of 85% or higher and 
copolymer EOE containing over 30% of n-octane.

The blend properties can be adjusted with content of the elastomeric 
phase and with cross-linking silane/peroxide system. The achieved mate-
rial has a heterogeneous structure and favorable set of resistance proper-
ties, including higher Izod notched impact strength as compared to PP.

The developed technology allows for achieving new materials with 
preconfi gured properties, competitive to the unmodifi ed iPP and to physi-
cal PP/elastomer mixtures. They could be processed in the equipment for 
synthetics. These blends may be used as structural materials, characterized 
by higher thermal resistance as compared to the unmodifi ed PP. They may 
also be a generation of modifi ers for polyolefi ns and polymeric mixtures.
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ABSTRACT

Amylosa degradation under shear deformation at high pressure has been 
studied using Bridgman anvils. The range of pressure was 25 MPa and the 
anvils turn angle 520 degrees. The processed samples have been studied 
by electron spin resonance spectroscopy, viscosimetry, weight analy-sis, ozone treatment. Processing has been accompanied by scission of 
amylose macromolecules, double bonds formation and water molecules 
detachment. Molecular weight decreased about two times. It has been es-
tablished that ESR spectra consist of two lines one of which corresponds 
to amylose free radicals and another to ultra dispersed ferromagnetic par-
ticles incorporated into the sample from the anvils. The number of stabi-
lized free radicals was 0.3–0.4% of the total number of chain scissions. 
The basic ways of the free radicals stabilization probably are the delocal-
ization of the spin density of unpaired electron over the system of conju-
gated double bonds and low molecular mobility of amylose.

5.1 INTRODUCTION

In most processes of conversion of the plant biomass into useful products 
the first stage is its mechanical grinding [1, 2]. The grinding of biomass 
may cause various chemical reactions induced by force fields. The nature 
of these processes and how to control them are not well understood up to 
the present. Previously it was shown that mechanical deformation may 
accelerate hydrolytic processes in biomass [3], contribute to delignifica-
tion of lignocelluloses materials [4] and can lead to the formation of free 
radicals (FR) [5–7]. Strong strain leads to demolition of the carbohydrate 
frame of the material and complex sets of products are formed [8]. Ways 
of their formation can be understood by exploring low-molecular carbo-
hydrate fragments and the nature of polysaccharides macromolecules end 
groups. It is clear that the destruction of polysaccharides macromolecules 
under mechanical load must be accompanied, first of all, by the glycosidic 
bonds rapture and FR formation [5–7, 9].

In this paper we have studied amylose as a model carbohydrate, which 
is one of the typical representatives of polysaccharides, constituent part of 
starch [10]. It is convenient to use because it has a small molecular weight 
and its ability to dissolve in widespread solvents, including hot water.
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The objective of the study was to obtain some quantitative data on the 
amount of FR formed in the process of shear deformation of amylose un-
der high pressure. Thereto we used electron spin resonance spectros-copy (ESR), method allowing identifying FR even in small quantities [11]. 
In addition, we considered it necessary to get the data about the changes 
of amylose molecular mass and on products of destruction, appearing dur-
ing mechanical processing. For these purposes we used viscosimetry and weight analysis. This resulted in obtaining information on the amount of 
FR, macromolecules degradation degree of amylose, and the appearance 
of a new product the water, along with previously diagnosed oligosac-
charides [12].

5.2 EXPERIMENTAL PART

We have studied highly purified amylose derived from potato tubers (SER-
VA, Germany). Average molecular mass of amylose was 35°000. Mechan-
ical treatment of samples has been made using hardened steel Bridgman 
anvils [8, 13] with a diameter of 20 mm. The anvils were placed in a hy-
draulic press. Treatment of the sample (30 mg) has been carried out at 
pressures of 25 MPa. After 2 min exposure the anvils have been turned 
relative to each other at an angle of 520degrees.

Spectra of electron spin resonance (ESR) were recorded using ESR-
spectrometer “Bruker EMX” in the X-wavelength range. Viscosity of 
amylose samples before and after treatment was measured by capillary 
viscosimeter previously dissolved them in dimethyl sulfoxide (0.6 g of 
polymer or products in 10 cm3 of DMSO).

The amount of water formed was determined by the weight loss after 
drying of the sample in vacuum at 60°С during 2 h at 10 mm of Hg.

The number of unsaturated fragments in macromolecules of destructed 
samples was determined according to the volume of absorbed ozone by 
the method described in [14].

5.3 RESULTS AND DISCUSSION

In the course of the processing the sample underwent considerable chang-
es. The powder turned into a monolithic pill which crushing for further 
research required some effort. Viscosimetric measurements showed that 
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the action of the pressure combined with shear deformation led to a halv-
ing of average molecular mass of amylose from 35,000 to 15,000 and a 
significant number of low-molecular oligosaccharides arised [12]. There 
was also the formation of water in the amount of 0.3–0.4% by weight of 
the sample.

All samples after mechanical treating gave ESR signals (Fig. 5.1). As 
seen from Fig. 5.1, the ESR spectrum consists of two lines: broad and nar-
row. The width of broad line is ΔH1=730G, and narrow one is ΔH2=12.3G. 
The values of g-factor are g1=2.2219 and g2=2.0034. Both signals are 
rather stable and when rerecording of the spectrum after exposure within 
a month at room temperature no changes in the parameters of the spectra 
were observed. After the sample dissolution in water and subsequent dry-
ing narrow singlet disappeared but wide remained.

FIGURE 5.1 ESR spectrum of amylose subjected to shear deformation under high 
pressure.

To understand better the nature of the observed ESR signals additional 
experiments were performed. Amylose powder ground in an agate mortar, 
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and then ESR spectrum was analyzed. In this series of experiments only 
narrow line was observed. Broad line was absent.

Preservation of broad lines after the sample dissolution in water and 
their disappearance when grinding the sample in an agate mortar sug-
gests that broad line appears due to ferromagnetic ultra dispersed particles 
scraped off the steel anvils surface. It was shown earlier that broad ESR 
lines of several hundred Gauss are typical for ferromagnetic nanoparticles 
and not characteristic of organic radicals [15–17]. Narrow lines observed 
in the ESR spectra can be assigned to unpaired electrons formed at amy-
lose macromolecules rapture in the process of shear deformation. Con-
centration of free radicals was determined by double integration of ESR 
spectra of amylose radical and standard sample of DPPG (diphenylpic-
rylhydrazyl). The concentration of free radicals in the sample was ~10–17 
spin/g. An error in the determination of the concentration was about 50%.

Taking into consideration the value of amylose molecular mass 
(35,000), 1 g of the starting sample contained (1–6.02–1023/35,000) = 1.7–
1019 of polysaccharide chains. After shear deformation the molecular mass 
decreased twice, and therefore, the number of disrupted bonds should be 
the same (1.7–1019 per 1 g). Theoretically, each disrupted bond must form 
two free radicals that would correspond to (3–4)1019 spins. In the experi-
ments the number of spins found was ~1017 spin/g that was 300–400 times 
less than the expected number.

Because the number of ruptured chemical bonds is closely related to 
molecular mass change the spins defi cit found cannot be explained by the 
recombination of primary radicals. Otherwise the reduction of molecular 
mass would not occur. It is more likely that after the break of macromol-
ecules their ends were particularly excited. This excitation led to the de-
tachment of low molecular weight radicals, which interacted, with each 
other and with neighboring free valences. In this case the average molecu-
lar mass of the destructed sample wouldn’t change essentially. However 
the number of free radicals decreased sharply as a result of the recombina-
tion processes in which low-molecular particles play a role of free valence 
carriers. A degradation of polymer materials is often accompanied by for-
mation of low molecular weight products [18]. Water forming which we 
observed at the destruction of amylose was one of such products.

For analysis of the number of unsaturated fragments in macromolecules 
some of the samples before and after shear deformation were subjected to 
treatment with ozone-oxygen mixture. The amount of absorbed ozone was 
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determined. Starting amylose practically did not absorb ozone while me-
chanically treated samples absorb a signifi cant number of ozone (8.3–10–8 
mol/g). In the conditions of our experiments absorption of one molecule of 
ozone corresponded to the content of one C=C bond in the sample. From 
this it follows that absorption of ozone in amount of 8.3×10–8 mol that 
consistent with the content of 5.3–1016 double bonds per 1 g of the sample. 
Double bonds formation under shear strain can be explained by hydrogen 
atoms abstraction by end chains radicals with the subsequent relay trans-
mission of free valences. This process, as it follows from the experiment, 
accompanied by the formation of water molecules.

5.4 CONCLUSIONS

Our study showed that shear deformation under high pressure of amy-
lose, caused the formation of a relatively stable free radicals. For the first 
time it was shown that ESR spectrum of amylose treated by shear de-
formation at high pressure consists of two types of signals. One of them 
associated with organic free radicals, and the other with ultra dispersed 
ferromagnetic particles incorporated into the sample from steel Bridg-
man anvils. Comparison of the data on the number of radicals and de-
creasing of amylose molecular mass showed that the yield of the radicals 
was 300–400 times less than the number of ruptured macromolecules 
bonds. The rest of end groups of broken macromolecules stabilized ap-
parently due to the detachment of low molecular mass fragments and 
water accompanied by the free valence decay [9]. By ozone treatment 
the number of double bonds in the samples was defined (5.3–1016 per 1 
g). It is quite likely that the delocalization of the spin density of unpaired 
electron over the system of conjugated double bond leads to stabilization 
of free radicals. It is known that such delocalization leads to blurring 
the hyperfine structure of ESR spectra. This is the main reason why we 
observe a single line of free radicals in the spectrum. Another reason is 
the low molecular mobility of amylose.
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ABSTRACT

Nanoscience and nanotechnology are critically important for whole of the 
science investigations. In this chapter, the important subjects of computa-
tional nanotechnology, namely mechanic quantum, thermodynamics and 
statistical mechanics and their applications in molecular systems to predict 
the properties and performances involving nanoscale structures and manu-
facturing are investigated. The main challenge for getting to the nanoele-
ments with the most appropriate properties is the selection of manufactur-
ing nanoelements and nanomaterials.

6.1 UNDERSTANDING OF NANOSCIENCE PRINCIPLES

A revolution is occurring in science and technology, based on the recently 
developed ability to measure, manipulate and organize matter on the na-
noscale 1 to 100 billionths of a meter. At this level everything is attenu-
ated to fundamental interactions between atoms and molecules. Therefore, 
physics, chemistry, biology, materials science, and engineering converge 
toward the same principles and tools. A nano element compares to a bas-
ketball, like a basketball to the size of the earth. The aim of nonscientists is 
to manipulate and control the infinitesimal particles to create novel struc-
tures with unique properties. The science of atoms and simple molecules 
and the science of matter from microstructures to larger scales are gener-
ally established, in parallel. The remaining size related challenge is at the 
nanoscale where the fundamental properties of materials are determined 
and can be engineered. A revolution has been occurring in science and 
technology, based on the ability to measure, manipulate and organize mat-
ter on this scale. These properties are incorporated into useful and func-
tional devices. Therefore, nano science will be transformed into nanotech-
nology. Through a basic understanding of ways to control and manipulate 
matter at the nanometer scale and through the incorporation of nanostruc-
tures and nanoprocesses into technological innovations, nanotechnology 
will provide the capacity to create affordable products with dramatically 
improved performance. Nanotechnology involves the ability to manipu-
late, measure, and model physical, chemical, and biological systems at 
nanometer dimensions, in order to exploit nanoscale phenomena [1].
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Novel properties in biological, chemical, and physical systems can be 
approximately obtained at dimensions between 1nanometer to 100nano-
meters. These properties can differ in fundamental ways from the proper-
ties of individual atoms and molecules and those of bulk materials [1]. 
Nowadays, advances in nanoscience and nanotechnology indicate to have 
major implications for health, wealth, and peace. Knowledge in this fi eld 
due to fundamental scientifi c advances, will lead to dramatic changes in 
the ways that materials, devices, and systems are understood and created. 
Nanoscience will redirect the scientifi c approach toward more generic and 
interdisciplinary research [1, 2].

Nanoelement categories consist of atom clusters/assemblies or struc-
tures possessing at least one dimension between 1 and 100 nm, contain-
ing 103–109 atoms with masses of 104–1010 Daltons. Nanoelements are 
homogenous, uniform nanoparticles exhibiting well-defined (a) sizes, (b) 
shapes, (c) surface chemistries, and (d) flexibilities (i.e., polarizability). 
Typical nanoelement categories exhibit certain nanoscale atom mimicry 
features such as (a) core-shell architectures, (b) predominately (0–D) zero 
dimensionality (i.e., 1–D in some cases), (c) react and behave as discrete, 
quantized modules in their manifestation of nanoscale physicochemical 
properties, and (d) display discrete valencies, stoichiometry’s, and mass 
combining ratios as a consequence of active atoms or reactive/passive 
functional groups presented in the outer valence shells of their core-shell 
architectures. Nanoelements must be accessible by synthesis or fraction-
ation/separation methodologies with typical monodispersities [90% (i.e., 
uniformity) [3] as a function of mass, size, shape, and valency. Wilcoxon 
et al. have shown that hard nanoparticle Au nanoclusters are as monodis-
perse as 99.9% pure (C) [3]. Soft nanoparticle dendrimers are routinely 
produced as high as generation =6–8 with polydispersities ranging from 
1.011 to 1.201 [4–6]. Nanoelement categories must be robust enough to 
allow reproducible analytical measurements to confirm size, mass, shape, 
surface chemistries, and flexibility/ polarizability parameters under rea-
sonable experimental conditions.
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TABLE 6.1 The Importance of Scales

Length (m) 1 10–1 10–2 10–3 10–4 10–5 10–6 10–7 10–8 10–9

Physical 
Laws Macroscopic Mesoscopic Microscopic

Science

Physics (Classical)

Biology (Convectional)

Engineering (Almost All)

Physics (Solid 
state)

Biology (Micro-
bio)

Material Science

Physics (Molecular)

Biology (Molecular)

Chemistry

Technology Bulk Technology Microtechnology Nanotech

How to see Human eyes Optical Mi-
croscope

Electron 
Microscope SPM

Simulation 
Approach Macroscale Mesoscale Nanoscale QM

Successful 
Model Empirical First Principles

6.2 THE RELATIONSHIP BETWEEN NANOSCIENCE AND 
MECHANIC QUANTUM

The nanoscale is not just another step toward miniaturization, but a quali-
tatively new scale. At these sizes, nano systems can exhibit interesting and 
useful physical behaviors based on quantum phenomena. The new behav-
ior is dominated by quantum mechanics, material confinement in small 
structures, large interfacial volume fraction, and other unique properties, 
phenomena and processes. Atom (element)-based chemistry discipline” 
before the advent of quantum mechanics and electronic theory, Dalton’s 
atom/molecular theory is:

1. Each element consists of picoscale particles called atoms.
2. The atoms of a given element are identical; the atoms of different 

elements are different in some fundamental way(s).
3. Chemical compounds are formed when atoms of different elements 

combine with each other. A given compound always has the same 
relative number in types of atoms.
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4. Chemical reactions involve reorganization of atoms (i.e., changes 
in the way they are bound).

Critical parameters that allowed this important progress evolved 
around discrete, reproducible features exhibited by each atomic element 
such as well-defined (a) atomic masses, (b) reactivities, (c) valency, (d) 
stoichiometries, (e) mass-combining ratios, and (f) bonding directionali-
ties. These intrinsic elemental properties, inherent in all atom-based el-
emental structures.

Isaac Newton created, more than 300 years ago, classical mechanics by 
finding the laws of motion for solids and of gravitation between masses. 
This theory was so successful for the deterministic description of motions. 
At the beginning of the twentieth century, then, experimental results ac-
cumulated which contributed essentially to the emergence of a new phys-
ics, quantum physics. Also known as quantum or wave mechanics, this 
branch of physics was created by Max Planck who showed that the ex-
change of energy between matter and radiation occurred in discontinuous 
quantities (quanta). The quantum mechanics is presented as one of the 
most important and successful theories to solve physical problems. This is 
totally in the sense of most physicists, who applied, until the 1970s of the 
twentieth century, in a first quantum revolution quantum mechanics with 
overwhelming success not only to atom and particle physics but also to 
nearly all other science branches as chemistry, solid state physics, biology 
or astrophysics. Because of the success in answering essential questions in 
these fields fundamental open problems concerning the theory itself were 
approached only in rare cases. This situation has changed since the last 
decade of the twentieth century [7].

The “second quantum revolution” as this continuing further devel-
opment of quantum physical thinking is called by Alain Aspect, one of 
the pioneers in this field one expects a deeper understanding of quantum 
physics itself but also applications in engineering. There is already the 
term “quantum engineering” which describes scientific activities to apply 
particle wave duality or entanglement for practical purposes, for example, 
nano-machines, quantum computers, etc. [8, 9] (Fig. 6.1).

The nano world is part of our world, but in order to understand this, 
concepts other than the normal ones, such as force, speed, weight, etc., 
must be taken into consideration. The nano world is subject to the laws of 
quantum physics, yet evolution has conditioned us to adapt to this ever-
changing world. This observation has led to further investigate theories 

© 2015 by Apple Academic Press, Inc.

  



72 Engineering Materials: Applied Research and Evaluation Methods

based on the laws of physics that deal with macroscopic phenomena. In 
the macro world, sizes are continuous; however, this is not the case in the 
nano world. When we investigate and try to understand what is happening 
on this scale, the way we look at things must be changed. New concepts of 
quantum physics can only come directly from our surroundings. However, 
our world is fundamentally quantum. Our common sense in this world has 
no value in the nano world [10].

FIGURE 6.1 The relationship between important science branches and the field of 
quantum physics.

Quantum physics gives a completely different version of the world on 
the nano metric scale than that given by traditional physics. A molecule is 
described by a cloud of probability with the presence of electrons at dis-
crete energy levels. This can only be represented as a simulation. All mea-
surable sizes are subject to the laws of quantum physics, which condition 
every organism in the world, from the atom to the different states of mat-
ter. The nano world must therefore be addressed with quantum concepts. 
Chemistry is quantum. The chemistry of living organisms is quantum. Is 
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the functioning of our brain closer to the concept of a quantum computer 
or to the most sophisticated microprocessors? All properties of matter are 
explicable only by quantum physics [10].

Traditional physics, which is certainly effi cient and suffi cient in the 
macroscopic domain only deals with large objects (remember that there 
are nearly 1023 atoms per cm3 in a solid), while quantum physics only deals 
with small discrete objects. However, the evolution of techniques and the 
use of larger and larger objects stemming from scientifi c discoveries make 
us aware of the quantum nature of the world in all its domains. Everything 
starts with the atom, the building block of the nano world, and also of our 
world. In mechanic quantum view, Particles can behave like waves. This 
property, particularly for electrons, is used in different investigation. On 
the other hand, waves can also act like particles: the photoelectric effect 
shows the corpuscular properties of light [10].

6.2.1 THE WAVE FUNCTION AND ITS INTERPRETATION

It has been proven that light waves propagating in space as well as atomic 
and subatomic particles as electrons moving from one to another spot have 
one thing in common: Their propagation obeys the laws of wave expan-
sion. In fact, it can be said that everything, matter and energy fields, are 
simultaneously wave and particle. The correspondence between particle 
and wave can be expressed by the following relations:

 ωυ == 2

2
1 mE  (1)

 
k
kkmp

λ
πυ 2 ===  (2)

The propagation of a particle, for example, of an electron is described 
by a wave function. In the simplest case of motion along a straight line a 
plane wave describes the propagation of the particle, where wave vector 
and frequency are connected to the particle:

 ( ) ( )., i k r tr t ce ωψ −=  (3)
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The wave function is a quantity, which is analogous to the wave am-
plitude of a light field. Its absolute square is identified with an observed 
intensity after collecting a huge number of electrons on a screen. In par-
ticular, the interference pattern in a double slit experiment with electrons 
is obtained by superimposing two waves originating from two slits at the 
positions on a remote screen (Fig. 6.2). At a long distance from the source 
both spherical and cylinder waves (circular holes or slits) can be approxi-
mated by plane waves. At the observation point on the remote screen, the 
superposition of the two wave functions thus yields.

( ).
1 2

ii k r r t
iwith ce ωψ ψ ψ ψ ⎡ ⎤− −⎣ ⎦= + =  (4)

The intensity can be shown as:

( ) ( )2 2 2 2
1 2 2 1, 2 cos .I r t c k r rψ ψ ψ= = + + −  (5)

FIGURE 6.2 Scheme of double slit interference of two particle waves.

The wave function is a statistical quantity, which describes only en-
semble properties. The probability to find an electron in a volume element 
is proportional to the volume and, of course, to the probability that is:

( ) 2 3,dP r t d rψ∝  (6)
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The total probability to find the particle somewhere in the volume must 
be written as:

 ( ) ( ) 23 , 1P particle in V d r r t
υ

ψ= =∫  (7)

The wave function as a probability density must be normalized, in the 
sense of Eq. (7) over the volume of the whole system considered. Depend-
ing on the particular problem the considered volume might be the whole 
universe.

6.2.2 WAVE PACKET AND PARTICLE VELOCITY

The energy-frequency relation (Eq. (1)), the connection between particle 
momentum and wave number (Eq. (2)) as well as the description of par-
ticle propagation by a wave function and its statistical interpretation (Eqs. 
(3), (4) and (6)), are the starting point for the formal description of the 
particle-wave duality.

For a spatially extended wave in the extreme limit, over the whole 
space-the velocity of a particle cannot be described. The term velocity 
contains inherently the movement of a particle, an entity, which is more or 
less limited in its spatial extension.

A particle with a spatial extension in one dimension might be described 
in simple approximation by a wave function having Gaussian shape.

 ( ) ( )1
2

ikxx a k e dkψ
π

∞

−∞
= ∫  (8)

 ( ) ( )1
2

ikxa k x e dxψ
π

∞

−∞
= ∫  (9)

 ( ) ( )
( )

1 2
2 4
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4

xx x
x

ψ π
− ⎛ ⎞

⎡ ⎤= Δ −⎜ ⎟⎣ ⎦ Δ⎝ ⎠
 (10)
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2
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2 4
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π
π

−∞
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⎛ ⎞
⎡ ⎤= Δ − −⎜ ⎟⎣ ⎦ Δ⎝ ⎠
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 ( ) ( ) ( )
( )

2

23 24

1 exp exp
42

x ikx dx
xxπ

∞

−∞

⎛ ⎞
= − −⎜ ⎟

Δ⎝ ⎠Δ
∫  (11)

Finally it can be obtained:

 
( ) ( ) ( )[ ]22

2
14

1

exp2 kxxka Δ−Δ⎟
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π
( ) ( )[ ]22

4
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2
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2

4 kxx Δ−⎥
⎦

⎤
⎢
⎣

⎡ Δ=
π  (12)

If Eq. (12) is compared with the common representation of a Gauss 
distribution as function of k with width Δk, it can be expressed as:

 ( ) ( ) ( ) ⎥
⎦

⎤
⎢
⎣

⎡
Δ

−
Δ

= 2

2

2 4
exp

2
1

k
k

k
ka

π
 (13)

The following relation between spatial width Δx of the wave packet 
and the spread or width of the corresponding wave vector distribution Δk 
can be obtained as:

 2
1=ΔΔ xk  (14)

6.2.3 THE UNCERTAINTY PRINCIPLE

From the representation of a particle by means of a wave packet, we con-
clude directly that the width Δk of the distribution of wave vectors a(k) 
that constitute the wave packet is inversely proportional to the spread, 
that is, the spatial extension of the wave packet (Eq. (14)). For a Gaussian 
wave packet we quantitatively obtain the relation (Fig. 6.3).

© 2015 by Apple Academic Press, Inc.

  



Nanoelement Manufacturing 77

FIGURE 6.3 Gaussian wave packet with a spatial extension (full width at half maximum) 
and its Fourier representation in the wave number space.

Because of the general rules of Fourier transformation a relation simi-
lar to Eq. (14) is always valid:

 . 1x kΔ Δ ≈  (15)

This relation between the spatial width Δx of a wave packet and the 
spread Δk of its Fourier transform leads to an important, typically quantum 
physical phenomenon.

6.3 THE VISION FOR NANOMATERIALS TECHNOLOGY

Nanomaterials will deliver new functionality and options of material 
types. A diverse range of nano material building blocks with well-defined 
properties and stable compositions will enable the design of nanomaterials 
that provide levels of functionality and performance which are not avail-
able in conventional materials.

Manufacturers will combine the benefi ts of traditional materials and 
nanomaterials to create new generations of nano material-enhanced prod-
ucts that can be seamlessly integrated into complex systems. In some oc-
casions, nanomaterials will serve as stand-alone devices, providing in-
comparable functionality. Nanomaterials show a prodigious opportunity 
for industry to introduce a host of new products that would energize the 
economy, solve major societal problems, revitalize existing industries, and 
create entirely new businesses. The race to research, develop, and com-
mercialize nanomaterials is obviously global.

The nano science concept proposed the following: (a) creation of a 
nanomaterials roadmap focused solely on well defined (i.e., >90% mono-
disperse), (0-D) and (1-D) nanoscale materials; (b) these well defined 
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materials were divided into hard and soft nanoparticles, broadly following 
compositional/architectural criteria for traditional inorganic and organic 
materials; (c) a preliminary table of hard and soft nanoelement categories 
consisting of six hard matter and six soft matter particles was proposed. 
Elemental category selections were based on “atom mimicry” features and 
the ability to chemically combine or self assemble like atoms; (d) these 
hard and soft nanoelement categories produce a wide range of stoichio-
metric nanostructures by chemical bonding or nonbonding assembly. An 
abundance of literature examples provides the basis for a combinatorial 
library of hard-hard, hard-soft and soft-soft nano-compounds, many of 
which have already been characterized and reported. However, many such 
predicted constructs remain to be synthesized and characterized; (e) based 
on the presumed conservation of critical module design parameters, many 
new emerging nano-periodic property patterns have been reported in the 
literature for both the hard and soft nanoelement categories and their com-
pounds [11] (Fig. 6.4).

FIGURE 6.4 Nanomaterials classification roadmap.
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6.4 THE FUNDAMENTAL IMPORTANCE OF SIZE

Some of the technologies deal with systems on the micrometer range and 
not on the nanometer range (1–100 nm). In fact, distance scales used in 
science go to much smaller than nanometers and much larger than me-
ters. All the experience in the macroscopic world suggests that matter is 
continuous. This, however, leads to a paradox because if matter were a 
continuum, it could be cut into smaller and smaller pieces without end. If 
one were able to keep cutting a piece of matter in two, each of those pieces 
into two, and so on ad infinitum, one could, at least in principle, cut it out 
of existence into pieces of nothing that could not be reassembled.

Nowadays it can be studied pieces of matter of smaller and smaller size 
right down to the atom. The important result is that the properties of the 
pieces start to change at sizes much bigger than a single atom. When the 
size of the material crosses into the nanoworld, its fundamental properties 
start to change and become dependent on the size of the piece. It is an im-
portant issue to know how the behavior of a piece of material can become 
critically dependent on its size [12].

Nanomaterials have an increased surface-to-volume ratio compared to 
bulk materials. Beginning with the most clearly defi ned category, zero-
dimensional nanomaterials are materials wherein all the dimensions are 
measured within the nanoscale. On the other hand, 1-D nanomaterials dif-
fer from 0-D nanomaterials in that the former have one dimension that is 
outside the nanoscale. This difference in material dimensions leads to nee-
dle like shaped nanomaterials. Two-dimensional nanomaterials are more 
diffi cult to classify. Three-dimensional nanomaterials, also known as bulk 
nanomaterials, are relatively diffi cult to classify. Nowadays it can be stud-
ied pieces of matter of smaller and smaller size right down to the atom. 
The important result is that the properties of the pieces start to change at 
sizes much bigger than a single atom. Top down approach refers to slicing 
or successive cutting of a bulk material to get nano sized particle which 
enables to control the manufacture of smaller, more complex objects, as 
illustrated by micro and nano electronics. Bottom up approach refers to 
the buildup of a material from the bottom: atom-by-atom, molecule-by-
molecule or cluster-by-cluster, which enables to control the manufacture 
of atoms and molecules, as illustrated by supra molecular chemistry. Both 
approaches play very important role in modern industry and most likely 
in nanotechnology as well. Directed and high rat self-assembly is the 
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effi cient methods for nanoelements production, which classifi ed into com-
bined top–down and bottom–up nano manufacturing.

6.5 THERMODYNAMICS AND STATISTICAL MECHANICS OF 
SMALL SYSTEMS

This section is about the important subjects of computational nanotech-
nology, namely thermodynamics and statistical mechanics and their ap-
plications in molecular systems to predict the properties and performances 
involving nanoscale structures. A scientific and technological revolution 
has begun in our ability to systematically organize and manipulate matter 
on a bottom–up fashion starting from atomic level as well as design tools, 
machinery and energy conversion devices in nanoscale towards the devel-
opment of nanotechnology. There is also a parallel miniaturization activity 
to scale down large tools, machinery and energy conversion systems to 
micro and nanoscales towards the same goals [13, 14].

Principles of thermodynamics and statistical mechanics for macroscop-
ic systems are well defi ned and mathematical relations between thermody-
namic properties and molecular characteristics are derived. The objective 
here is to introduce the basics of the thermodynamics of small systems and 
introduce statistical mechanical techniques, which are applicable to small 
systems. This will help to link the foundation of molecular based study of 
matter and the basis for nanoscience and technology.

The subject of thermodynamics of small systems was fi rst introduced 
by Hill in two volumes in 1963 and 1964 [15] to deal with chemical ther-
modynamics of mixtures, colloidal particles, polymers and macromole-
cules. Nanothermodynamics, a term which is recently introduced in the 
literature by Hill [16, 17], is a revisitation of the original work of Hill 
mentioned above on thermodynamics of small systems.

6.5.1 THERMODYNAMIC SYSTEM IN NANOSCALE

The definition of a thermodynamic system in nanoscale is the same as the 
macroscopic systems. In thermodynamics, a system is any region com-
pletely enclosed within a well-defined boundary. Everything outside the 
system is then defined as the surroundings. The boundary may be either 
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rigid or movable. It can be impermeable or it can allow heat, work or 
mass to be transported through it. In any given situation a system may be 
defined in several ways.

The simplest system in nanoscale may be chosen as a single particle, 
like an atom or molecule, in a closed space with rigid boundaries. In the 
absence of chemical reactions, the only processes in which it can partici-
pate are transfers of kinetic or potential energy to or from the particle, from 
or to the walls. The state for this one-particle system is a set of coordinates 
in a multidimensional space indicating its position and its momentum in 
various vector directions.

The set of all the thermodynamic properties of a multiparticle system 
including its temperature, pressure, volume and internal energy is defi ned 
as the thermodynamic state of this system. An important aspect of the rela-
tionships between thermodynamic properties in a large, macroscopic and 
also known as extensive system is the question of how many different 
thermodynamic properties of a given system are independently variable. 
The number of these represents the smallest number of properties, which 
must be specifi ed in order to completely determine the entire thermody-
namic state of the system.

6.5.2 LAWS OF THERMODYNAMICS IN NANOSYSTEMS

The application of thermodynamics of large and small systems to the pre-
diction of changes in given properties of matter in relation to energy trans-
fers across its boundaries is based on four fundamental axioms, the Zeroth, 
First, Second, and Third Laws of thermodynamics. The question whether 
these four axioms are necessary and sufficient for all systems whether 
small or large, including nanosystems.

1. The Zeroth Law of thermodynamics consists of the establishment 
of an absolute temperature scale.

2. The First Law of thermodynamics as defined for macroscopic sys-
tems in which no nuclear reactions is taking place is simply the law 
of conservation of energy and conservation of mass. When, due to 
nuclear reactions, mass and energy are mutually interchangeable, 
conservation of mass and conservation of energy should be com-
bined into a single conservation law.
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 in indE Q Wδ δ= +  (16)

Transfer of energy through work mode is a visible phenomenon in 
macroscopic systems. However, it is invisible in a nanosystem, but it oc-
curs as a result of the collective motion of an assembly of particles of the 
nanosystem resulting in changes in energy levels of its constituting par-
ticles. Transfer of energy through heat mode is also an invisible phenom-
enon, which occurs in atomic and molecular level. It is caused by a change 
not of the energy levels but of the population of these levels.

1. Lord Kelvin originally proposed the Second Law of thermodynam-
ics in the nineteenth century. He stated that heat always flows from 
hot to cold. Rudolph Clausius later stated that it was impossible to 
convert all the energy content of a system completely to work since 
some heat is always released to the surroundings. Kelvin and Clau-
sius had macro systems in mind where fluctuations from average 
values are insignificant in large time scales. According to the Sec-
ond Law of thermodynamics for a closed (controlled mass) system 
we have [18].

 0in
s

ext

QdP ds
T
δ

= − ≥  (17)

2. The Third Law of thermodynamics for large systems, also known 
as “the Nernst heat theorem,” state that the absolute zero tempera-
ture is unattainable. Currently, the third law of thermodynamics is 
stated as a definition: the entropy of a perfect crystal of an element 
at the absolute zero of temperature is zero. This definition seems to 
be valid for the small systems as well as the large systems.

Recent developments in nanoscience and nanotechnology have caused 
a great deal of interest into the extension of thermodynamics and statisti-
cal mechanics to small systems consisting of countable particles below 
the thermodynamic limit. Hence, if we like to extend thermodynamics and 
statistical mechanics to small systems in order to remain on a fi rm basis 
we must go back to its founders and, like them establish new formalism of 
thermodynamics and statistical mechanics of small systems starting from 
the safe grounds of mechanics.

Structural characteristics in nanoscale systems are dynamic, not the 
static equilibrium of macroscopic phases. Coexistence of phases is expect-
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ed to occur over bands of temperature and pressure, rather than along just 
sharp points. The pressure in a nanosystem cannot be considered isotropic 
and must be generally treated as a tensor.

The Gibbs phase rule loses its meaning, and many phase-like forms 
may occur for nanoscale systems that are unobservable in the macroscopic 
counterparts of those systems [15, 19].

6.5.3 STATISTICAL MECHANICS OF NANOSYSTEMS

The objective of statistical mechanics is generally to develop predictive 
tools for computation of properties and local structure of fluids, solids and 
phase transitions from the knowledge of the nature of molecules compris-
ing the systems as well as intra and intermolecular interactions.

The accuracy of the predictive tools developed through statistical me-
chanics will depend on two factors. The accuracy of molecular and inter-
molecular properties and parameters available for the material in mind and 
the accuracy of the statistical mechanical theory used for such calculations.

In the case of nano (small) scale there is little or no such data available 
and the molecular theories of matter in nanoscale are in their infancy. With 
the recent advent of tools to observe study and measure the behavior of 
matter in nanoscale it is expected that in a near future experimental na-
noscale data will become available.

Recent nanotechnology advances, both bottom–up and top–down ap-
proaches, have made it possible to envision complex and advanced sys-
tems, processes, reactors, storage tanks, machines and other moving sys-
tems which include matter in all possible phases and phase transitions. So 
in the next section several methods of manufacturing nanoscale will be 
reviewed.

6.6 NANOELEMENT MANUFACTURING

6.6.1 MANUFACTURING AT NANOSCALE DIMENSIONS

The physicochemical properties of nano-sized materials are really unprec-
edented, exquisite and sometimes even adjustable in contrast to the bulk 
phase. For instance, quantum confinement phenomena allow semiconduc-
tor nanoparticles to sustain a dilating of their band gap energy as the par-
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ticle size becomes smaller. Thereby it causes the blue-shifts in the optical 
spectra and a change in their energy density from continuous to discrete 
energy levels as the transition moves from the bulk to the nanoscale quan-
tum dot state [20–23]. In addition, interesting electrical properties includ-
ing resonance tunneling and Coulomb blockade effects are observed with 
metallic and semiconducting nanoparticles, and endohedral fullerenes 
and carbon nanotubes can be processed to exhibit a tunable band gap of 
either metallic or semiconducting properties [24, 25]. These very dif-
ferent phenomena are mainly due to larger surface area-to-volume ratio 
at the nanoscale compared to the bulk. Thus, the surface forces become 
more important when the nano-sized materials exhibit unique optical or 
electrical properties. The surface (or molecular) forces can be generally 
categorized as electro- static, hydration (hydrophobic, and hydrophilic), 
Vander Waals, capillary forces, and direct chemical interactions [26, 27]. 
Based on these forces, the synthesis and processing techniques of these 
interesting nano-sized materials have been well established as capable of 
producing high-quality mono- disperse nanocrystals of numerous semi-
conducting and metallic materials, fullerenes of varying properties, single 
and multiwall carbon nanotubes, conducting polymers, and other nano-
sized systems [28]. The next key step in the application of these materials 
to device fabrication is undoubtedly the formation of subnanoelements 
into functional and desired nanostructures without mutual aggregation. 
To achieve the goal of innovative developments in the areas of micro-
electronic, optoelectronic and photonic devices with unique physical and 
chemical characteristics of the nano-sized materials, it may be necessary 
to immobilize these materials on surfaces and/or assemble them into an 
organized network [27].

Many signifi cant advances in one- to three-dimensional arrangements 
in nanoscale have been achieved using the ‘bottom–up’ approach. Unlike 
typical top–down photolithographic approaches, the bottom–up process 
offers numerous attractive advantages, including the substantiation of 
molecular-scale feature sizes, the potential of three-dimensional assembly 
and an economical mass fabrication process [29]. Self-assembly is one 
of the few vital techniques available for controlling the orchestration of 
nanostructures via this bottom–up technology. The self-assembly process 
is defi ned as the autonomous organization of components into well-orga-
nized structures. It can be characterized by its numerous advantages such 
as cost-effective, versatile, facile, and the process seeks the thermodynam-
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ic minima of a system, resulting in stable and robust structures [30]. As the 
description suggests, it is a process in which defects are not energetically 
favored, thus the degree of perfect organization is relatively high. As de-
scribed earlier, there are various types of interaction forces by which the 
self-assembly of molecules and nanoparticles can be accomplished [31, 
32].

6.6.2 OVERVIEW OF MOLECULAR SELF-ASSEMBLY

Molecular self-assembly is the assembly of molecules without guid-
ance or management from an outside source. Self-assembly can hap-
pen spontaneously in nature, for example, in cells such as the self-
assembly of the lipid bilayer membrane. It usually results in an increase 
in internal organization of the system. Many biological systems use 
self-assembly to assemble various molecules and structures. Imitating 
these strategies and creating novel molecules with the ability to self-
assemble into supra molecular assemblies is an important technique in 
nanotechnology [33–35].

In self-assembly, the fi nal desired structure is ‘encoded’ in the shape 
and properties of the molecules that are used, as compared to traditional 
techniques, such as lithography, where the desired fi nal structure must 
be carved out from a larger block of matter  [36].

On a molecular scale, the accurate and controlled application of inter-
molecular forces can lead to new and previously unachievable nanostruc-
tures. This is why molecular self-assembly (MSA) is a highly topical and 
promising fi eld of research in nanotechnology today. With many complex 
examples all around in nature, MSA is a widely perceived phenomenon 
that has yet to be completely understood. Biomolecular assemblies are 
sophisticated and often hard to isolate, making systematic and progres-
sive analyzes of their fundamental science very diffi cult. What in fact are 
needed are simpler MSAs, the constituent molecules of which can be 
readily synthesized by chemists. These molecules would self-assemble 
into simpler constructs that can be easily assessed with current experimen-
tal techniques [37, 38].

Of the diverse approaches possible for Molecular Self-assembly, two 
strategies have received signifi cant research attention, electrostatic Self-
assembly (or layer-by-layer assembly) and “Self-assembled Monolayers 
(SAMs). Electrostatic self-assembly involves the alternate adsorption of 
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anionic and cationic electrolytes onto a suitable substrate. Typically, only 
one of these is the active layer while the other enables the composite mul-
tilayered fi lm to be bound by electrostatic attraction. The latter strategy 
of Self-assembled monolayers or SAMs based on constituent molecules, 
such as thiols and silanes [39, 40].

For SAMs, synthetic chemistry is used only to construct the basic 
building blocks (that is the constituent molecules), and weaker intermo-
lecular bonds such as Vander Waals bonds are involved in arranging and 
binding the blocks together into a structure. This weak bonding makes so-
lution, and hence reversible, processing of SAMs (and in general, MSAs) 
possible. Thus, solution processing and manufacturing of SAMs offer the 
enviable goal of mass production with the possibility of error correction at 
any stage of assembly. It is well recognized that, this method could prove 
to be the most cost-effective way for the semiconductor electronics indus-
try to produce functional nanodevices such as nanowires, nanotransistors, 
and nanosensors in large numbers [41, 42].

6.6.3 NANOSELF-ASSEMBLY INVESTIGATION

In the previous sections self-assembly was defined as assembly of its 
building units. All possible entities (atoms, molecules, colloidal particles) 
that can take part in this process are self-assembly building units. Building 
units for nanotechnology systems have more structural hierarchies. Nano-
technology systems can be built not only through self-assembly processes 
but through an external manipulation as well. All these efforts to create 
nanotechnology systems can be considered as the processes for assem-
bling nanotechnology systems. We will define this as a nano assembly, 
which can be stated as a “thermodynamic, kinetic, or manipulative as-
sembly of nano assembly building units.” Spontaneous assembly of nano 
assembly building units will be a great route for building nanotechnology 
systems [43, 44].

However, assembling them, for example, using an atomic force mi-
croscope through a one-by-one type of operation with any type of nano 
assembly building units will also be a great alternative for creating nano-
technology systems. Figure 6.5 (left-hand side) shows that nano assembled 
systems are assembled from three basic nano assembly building units. 
They are a self-assembly building unit, a fabrication-building unit, and a 
reactive building unit. As will be described in the next section with more 
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details, the structures of all three basic nano assembly-building units can 
be analyzed based on the concept of segmental analysis. In other words, 
the segmental analysis that was developed for self-assembly building units 
can be expanded for the two other types of building units. Figure 6.6 ex-
plains this. All three basic nano assembly building units can be analyzed 
with the three fundamental and two additional segments. And all seg-
ments from the three basic nano assembly-building units interact through 
the force balance with any possible combinations. The whole process re-
sembles the self-assembly process. But it now occurs in a “quasi-three 
dimensional” way, which is to imply that there are three different types 
of building units instead of just one (as for self-assembly). The concept 
of force balance is directly applied not only between self-assembly build-
ing units, between fabrication building units, or between reactive building 
units, but between all three different types of building units as well. This 
gives us an important insight for the third part of this book that there can 
be great possibilities for building nano assembled systems once the three 
basic building units are well identifi ed and the relationships between them 
are well controlled. The roles of the fi ve segments during the assemblies 
of nano-assembled systems are the same as for the assemblies of self-
assembled systems.

FIGURE 6.5 Three basic nanoassembly building units construct the four nanoelements. 
Force balance between the nanoassembly building units plays a key role.

© 2015 by Apple Academic Press, Inc.

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b17790-7&iName=master.img-006.jpg&w=273&h=208


88 Engineering Materials: Applied Research and Evaluation Methods

FIGURE 6.6 The fundamental and additional segments of self-assembly building unit 
(SA-BU), fabrication building unit (F-BU), and reactive building unit (R-BU) can interact 
through the force balance with any possible combinations. AF, RF, and DF represent 
attractive force between As, repulsive force between Rs, and directional force between Ds, 
respectively. A, R, D, AP, and EF-F refer to attractive, repulsive, directional, asymmetric 
packing, and external force–specific functional segments, respectively. ED is external 
force–induced directional factor. APP is asymmetric packing process.

Figure 6.5 showed that nanoassembled systems are obtained through 
nanoassembly with three basic nanoassembly building units. Nanoassem-
bled systems can have a variant range of structures and physical/chemi-
cal properties and diverse functional properties. For many nanoassembled 
systems, these general properties are those that are already known to other 
existing systems such as macroscopic counter parts. They can be straightly 
characterized. However, for many others, they can be novel properties that 
cannot be easily recognized and characterized. There are also nanoassem-
bled systems whose general properties are overlapped by others. The con-
cept of force balance for nanoassembly makes it possible for us to evaluate 
the specifi c properties that can be expected from certain nanoassembly 
building units. It can provide a nice insight when choosing a proper nano-
assembly route for a specifi c nanoassembled system and help clarify in-
tended nanoscale properties (or nanoproperties) with a reasonable degree 
of accuracy. Four elemental properties (which will be called nanoelements
hereafter) for nanoassembled systems are proposed here in order to ad-
dress these properties in a systematic manner. They are nanostructural 
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element, nanoproperty element, nanomechanical element, and nanocom-
munication element [45].

The symbols for each nanoelement are also shown in Fig. 6.6. Table 
6.2 shows representative examples of the four nanoelements. A nanostruc-
tural element is the structural features that are inherited or designed from 
nanoassembly itself.

TABLE 6.2 Representative Examples of the Four Nanoelements. N-SE, N-PE, N-ME, and 
N-CE Refer to Nanostructural, Nanoproperty, Nanomechanical, and Nanocommunication 
Elements, Respectively

Nanoparticle Gating and switching

N-SE Nanopore N-ME Rotation and oscillation

Nanofilm Tweezering and fingering

Nanotube Rolling and bearing

Nanorod Self-directional movement

Nano hollow sphere Capture and release

Nanofabricated surface Sensoring

N-PE Surface Plasmon N-CE Any macroscale performance by 
nanointegarated system and energy 
exchange which are performed by 
nanomachines

Quantum size effect

Single electron tunneling

Surface catalytic activity

Mechanical strength

Energy conversion

Nano-confinement effect

As shown in the table, most of the nanostructure-based nano assembled 
systems belong to this. A nano property element is the properties that are 
inherited, induced, or designed from nano assembly and its framework. 
Some of them could be the same properties as macroscale counterparts but 
in the nanoscale while others are those that emerge only when the systems 
have nanoscale features. A nano mechanical element is the unit operations 
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that are designed to express the motional aspects of nano-assembled sys-
tems. Finally, a nano communication element is a signal, energy, or work 
that is designed to communicate with the macroworld. This nanoelement 
is almost exclusively for nanofabricated systems, nanointegrated systems, 
nanodevices, and nanomachines [46].

6.6.4 GENERAL ASSEMBLY DIAGRAM

The outcome of self-assembly is self-assembled aggregate. For nanoas-
sembly, it goes one more step. The apparent initial outcome of nanoas-
sembly is a nanoassembled system. But it is the nanoelements that make 
nanoassembled systems distinctive from self-assembled aggregates. Self-
assembled aggregates have their own characteristic properties, which in 
many ways are effective, and many applications have been established 
using them over a wide range of scientific and technological fields. For 
nanoassembled systems, it is the nanoelements that define their character-
istic properties, and with which we are seeking practical applications for 
nanotechnology systems [47].

Figure 6.7 presents the general rules of nano assembly and their rela-
tionship with nanoelements. As a nano assembly becomes more desired 
(moving toward the right hand direction on the horizontal arrow of attrac-
tive interaction-repulsive interaction balance), the nano element that will 
be expressed is a nano structural element. Typical nano pores, nanopar-
ticles, nano crystals, nano emulsions, and nano composites are more likely 
to be obtained on this side of the arrow. On the other hand, if a nano as-
sembly moves toward the left-hand side, it is more likely to obtain nano 
assembled systems that usually need an aid of external force for their as-
sembly. Colloidal crystal is one good example, especially when the size of 
nano assembly building unit (colloidal particle) is increased. Many top–
down operation-based nanoelements are other examples.

When a nano assembly is involved with a directional interaction, the 
most likely nano element will be a fi lm or surface-based nanoscale op-
eration. Examples include most of the nano-structured fi lms regardless 
of their detailed morphology. Nano porous fi lm, nano layered fi lm, and 
nano patterned fi lm are among them. It also includes most of the nanoscale 
products that are obtained as a result of directional growth (from the spher-
ical-shape) such as nano rods, nano needles, and nanotubes. A good deal of 
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nanofabrication is basically the nanoscale process that is performed on the 
surface, and thus becomes one prominent example for the upward direc-
tion on the vertical arrow. The opposite direction produces nanoelements, 
too. Some nanoparticles and nano crystals can be obtained at this end. 
Most of the nano property elements come along with nano structural ele-
ments. And they are coupled to each other in many ways [48, 49].

FIGURE 6.7 General rules of nanoassembly and different types of nanoelements. AF, RF, 
and DF refer to attractive, repulsive, and directional forces, respectively. AP and EF-F are 
short for asymmetric packing and external force-specific functional segments, respectively.

Most of the nano property elements originate because the nano struc-
tural elements are in the nanoscale. And the changes in nano property ele-
ments can be feasible because the changes in nano structural elements 
are practical through nano assembly. The nano assemblies that occur with 
external force, specifi c functional and asymmetric packing segments are 
critical for nano mechanical and nano communication elements. Electron 
tunneling and Coulomb blockade are good examples. Nanofabrication can 
take advantage of the unique features of external stimulus-specifi c nano 
assembly, too. For a chiral nano assembly, the chirality that is specifi c on 
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each system can be used for the development of the nanostructures that 
can take advantage of the uniqueness, which includes highly asymmetric 
nanostructures, chiral nanoparticles, and some hierarchically constructed 
multiple-length-scale nanomaterials [50, 51].

It is also important for many unique types of nano mechanical ele-
ments. By coupling with the external stimulus-specifi c nano assembly, the 
development of nanoelements on this side (right-hand side of both exter-
nal stimulus-specifi c and chiral nano assemblies) can be much more fruit-
ful. As far as the application for nanotechnology systems goes, the other 
side (left-hand side) of both diagonal arrows does not have much use in the 
development of specifi c nanoelements [52].

6.6.5 GENERAL TRENDS

Each nanofabricated system is a unique product of each fabrication sys-
tem. Each nano element of the nanofabricated system is a unique expres-
sion of its building units. They can be coupled locally or as a whole. They 
also can have a synergistic or an antagonistic outcome after the fabrica-
tion. All of these aspects have some degree of impact on the nanoelements 
of the nanofabricated systems. For some cases, different nanofabrication 
processes become the major reason for differentiating the nanoelements, 
even though the nanofabricated system might be the same [53].

Figure 6.8 shows a general trend of nanofabrication that covers these 
aspects from the three approaches. The mass assembling capability of 
nanofabrication becomes critically important when it goes to industrial 
scale. Generally, this capability is enhanced where fabrication is per-
formed based on the bottom–up or the bottom–up/top–down hybrid ap-
proach. Because of the technical diffi culties of top–down techniques and 
the limitations of the starting bulk materials that are comparable to them, 
the diversity of building units is much increased when the bottom–up or 
the hybrid approach is used. More diverse building units mean more di-
verse nanofabricated systems and more diverse nanoelements that can be 
explored. Structural diversity, hierarchy, and chirality are also important 
for widening the practicality of the nanofabricated systems [54].
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FIGURE 6.8 General trend of the three main approaches to nanofabrication.

It is easier to take advantage of two methods with a bottom–up or hy-
brid approach. Exact control of the building units is useful when the nano 
element is determined by the local control of a few main building units. 
As the top–down approach provides an advantage for this. Generally, the 
top–down approach has higher precision because of capability of manipu-
lative assembly. Process ability means ease of the fabrication. This factor 
is important because it determines how practical a specifi c fabrication can 
be. It is, however, very much dependent on each nanofabrication system. 
Another factor is the structural integrity of the nanofabricated systems. It 
might appear that top–down processed systems would have better struc-
tural integrity because they are the products of the bulk materials. But 
structural integrity is measured not by the absolute strength of the nano-
fabricated systems but by their relative stability during actual use. As long 
as they perform the desired functions at given conditions, arguments about 
their absolute strength are less meaningful. Pure bottom–up fabrication 
in many cases provides enough, sometimes surprisingly strong, structural 
strength and resilience for nanofabricated systems to make them function 
properly even under harsh conditions [55, 56].
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6.6.6 INVESTIGATION ONTO SOME NEW STUDIES

The fields of nano science and nanotechnology generally concern the syn-
thesis, fabrication and use of nanoelements and nanostructures at atomic, 
molecular and supra molecular levels. The nano size of these elements and 
structures offers significant potential for research and applications across 
the scientific disciplines, including materials science, physics, chemis-
try, computer science, engineering and biology. Biological processes and 
methods, for example, are expected to be developed based entirely on 
nanoelements and their assembly into nanostructures. Other applications 
include developing nano devices for use in semiconductors, electronics, 
photonics, optics, materials and medicine [57].

One class of nanoelements that has garnered considerable interest con-
sists of carbon nanotubes. A carbon nano tube has a diameter on the order 
of nanometers and can be several micrometers in length. These nanoele-
ments feature concentrically arranged carbon hexagons. Carbon nanotubes 
can behave as metals or semiconductors depending on their chirality and 
physical geometry. Other classes of nanoelements include, for example, 
nano crystals, dendrimers, nanoparticles, nano wires, biological materials, 
proteins, molecules and organic nanotubes [58].

Although carbon nanotubes have been assembled into different nano-
structures, convenient nano tools and fabrication methods to do it have 
not yet been developed. One obstacle has been the manipulation of indi-
vidual nanoelements, which is often ineffi cient and tedious. This problem 
is particularly challenging when assembling complex nanostructures that 
require selecting and ordering millions of nanoelements across a large area 
[59].

To date, nanostructure assembly has focused on dispersing and manipu-
lating nanoelements using atomic force or scanning tunneling microscopic 
methods. Although these methods are useful for fabricating simple nano 
devices, neither is practical when selecting and patterning, for example, 
millions of nanoelements for more complex structures. The development 
of nano machines or “nano assemblers” which are programed and used to 
order nanoelements for their assembly holds promise, although there have 
been few practical advancements with these machines.

The advancement of nanotechnology requires millions of nanoele-
ments to be conveniently selected and simultaneously assembled. Three-
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dimensional nanostructure assembly also requires that nanoelements be 
ordered across a large area [60, 61].

Nanoelements have generated much interest due to their potential use 
in devices requiring nanoscale features such as new electronic devices, 
sensors, photonic crystals, advanced batteries, and many other applica-
tions. The realization of commercial applications, however, depends on 
developing high-rate and precise assembly techniques to place these ele-
ments onto desired locations and surfaces [62].

Different approaches have been used to carry out directed assembly of 
nanoelements in a desired pattern on a substrate, each approach having dif-
ferent advantages and disadvantages. In electrophoretic assembly, charged 
nanoelements are driven by an electric fi eld onto a patterned conductor. 
This method is fast, with assembly typically taking less than a minute; 
however, it is limited to assembly on a conductive substrate [63]. Directed 
assembly can also be carried out onto a chemically functionalized surface. 
However, such assembly is a slow process, requiring up to several hours, 
because it is diffusion limited. Thus, there remains a need for a method of 
nano element assembly that is both rapid and not reliant on having either a 
conductive surface or a chemically functionalized surface [64].

In some cases, devices have a volume element having a larger diam-
eter than the nano element arranged in epitaxial connection to the nano 
element. The volume element is being doped in order to provide a high 
charge carrier injection into the nano element and a low access resistance 
in an electrical connection. The nano element may be upstanding from 
a semiconductor substrate. A concentric layer of low resistivity material 
forms on the volume element forms a contact [65].

Semiconductor nano element devices show great promise, potentially 
outperforming standard electrical, opt-electrical, and sensor- etc. semicon-
ductor devices. These devices can use certain nano element specifi c prop-
erties, 2-D, 1-D, or 0-D quantum confi nement, fl exibility in axial material 
variation due to less lattice match restrictions, antenna properties, ballistic 
transport, wave guiding properties etc. Furthermore, in order to design fi rst 
rate semiconductor devices from nanoelements, transistors, light emitting 
diodes, semiconductor lasers, and sensors, and to fabricate effi cient con-
tacts, particularly with low access resistance, to such devices, the ability to 
dope and fabricate doped regions is crucial [66, 67].

As an example the limitations in the commonly used planar technology 
are related to diffi culties in making fi eld effect transistors (FET), with low 
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access resistance, the diffi culty to control the threshold voltage in the post-
growth process, the presence of short-channel effects as the planar gate 
length is reduced, and the lack of suitable substrate and lattice-matched 
hetero structure material for the narrow band gap technologies [68].

One advantage of a nano element FET is the possibility to tailor the 
band structure along the transport channel using segments of different 
band gap and or doping levels. This allows for a reduction in both the 
source-to-gate and gate-to-drain access resistance. These segments may be 
incorporated directly during the growth, which is not possible in the planar 
technologies. The doping of nanoelements is challenged by several fac-
tors. Physical incorporation of do pants into the nano element crystal may 
be inhibited, but also the established carrier concentration from a certain 
do pant concentration may be lowered as compared to the corresponding 
doped bulk semiconductor. One factor that limits the physical incorpora-
tion and solubility of do pants in nanoelements is that the nano element 
growth temperatures very often are moderate [69].

For vapor-liquid-solid (VLS) grown nanoelements, the solubility and 
diffusion of do pant in the catalytic particle will infl uence the do pant in-
corporation. One related effect, with similar long-term consequences, is 
the out-diffusion of do-pants in the nano element to surface sites. Though 
not limited to VLS grown nanoelements, it is enhanced by the high surface 
to volume ratio of the nano element. Also, the effi ciency of the doping, the 
amount of majority charge carriers established by ionization of donors/
acceptor atoms at a certain temperature may be lowered compared to the 
bulk semiconductor, caused by an increase in donor or acceptor effec-
tive activation energy, due to the small dimensions of the nano element. 
Surface depletion effects, decreasing the volume of the carrier reservoir, 
will also be increased due to the high surface to volume ratio of the nano 
element [70].

The above described effects are not intended to establish a complete 
list, and the magnitudes of these effects vary with nano element material, 
do pant, and nano element dimensions. They may all be strong enough to 
severely decrease device performance.
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6.7 CONCLUDING REMARKS

The necessary knowledge for obtaining the best nano element manufac-
turing method is the understanding of principles of nano science, its rela-
tionships with mechanic quantum and thermodynamic in nano systems. 
So these topics were investigated in this chapter with their math relations 
first. After that, the outcome of self-assembly is reviewed. Self-assem-
bled aggregates have their own characteristic properties, which in many 
ways are effective, and many applications have been established using 
them over a wide range of scientific and technological fields. The nano 
assemblies that occur with external force, specific functional and asym-
metric packing segments are critical for nano mechanical and nano com-
munication elements. Electron tunneling and Coulomb blockade are good 
examples. Each nanofabricated system is a unique product of each fabrica-
tion system. Each nano element of the nanofabricated system is a unique 
expression of its building units.
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ABSTRACT

The data on aromatic polyesters based on phthalic and n-oxybenzoic acid 
derivatives have been presented and various methods of synthesis of such 
polyesters developed by scientists from different countries for last 50 
years have been reviewed.

7.1 INTRODUCTION

The important trend of modern chemistry and technology of polymeric 
materials is the search for the possibilities of producing materials with 
novel properties based on given combination of known polymers.

One of the most interesting ways in this direction is the creation of 
block-copolymers macromolecules of which are the “hybrids” of units dif-
fering in chemical structure and composition. Thermodynamical incom-
patibility of blocks results in stable microphase layering in the majority 
cases what, fi nally, allows one to combine the properties of various frag-
ments of macromolecules of block-copolymers in an original way.

Depending on diversity of chemical nature of blocks, their length, 
number and sequence as well as their ability to crystallize one can ob-
tain materials of structure and properties distinguishing from that of initial 
components. Here are the huge potential possibilities the practical realiza-
tion of which has already been started. The most evident is the creation 
of thermoplastic elastomers (TPEs) – high-tonnage polymeric materials 
synthesized on the base of principle of block-copolymerization: joining 
of properties of both thermoplastics and elastomers in one material. The 
great potentials of block-copolymers caused considerable attention to 
them within the last years.

Nowadays, all the main problems of physics and physic-chemistry of 
polymers became closely intertwined when studying block-copolymers: 
the nature of ordering in polymers, the features of phase separation in 
polymers and the infl uence of general molecular parameters on it, the sta-
bility of phases at exposing to temperature and power impacts, the features 
of physical and mechanical properties of microphases and the role of their 
conjugation.

Existing today numerous methods of synthesis of block-copolymers 
give the possibility to combine unlimited number of various macromol-
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ecules, what already allowed people to synthesize multiple block-copo-
lymers. The thermal and mechanical properties and also the stability of 
industrial block-copolymers vary in broad limits.

The range of operating temperatures and the thermal stability of TPEs 
have lately been extended owing to the use of solid blocks of high Tglass (of 
polysulfones or polycarbonates, for instance) combined with soft blocks 
of low Tglass. Moreover, the incompatibility of those blocks results in in-
dependence of elasticity modulus on temperature in broad temperature 
range. Applying appropriate selection of chemical nature of blocks one 
can also improve the other properties.

Some limitations and unresolved issues still exist in areas of synthe-
sis, analysis and characterization of properties and usage of block-copoly-
mers. This is a good stimulus for the intense researches and development 
of corresponding fi elds of industry.

The most preferred methods of synthesis of block-copolymers are 
the three following. The polymerization according to the mechanism of 
“live” chains with the consecutive addition of monomers has been used 
in the fi rst one. The second is based on the interaction of two preliminary 
obtained oligomers with the end functional groups. The third one is the 
polycondensation of the second block at expense of end group of primar-
ily obtained block of the fi rst monomer. The second and the third methods 
allow one to use great variety of chemical structures.

So, to produce block-copolymers one can avail numerous reactions 
allowing one to bind, within the macromolecule, blocks synthesized by 
means of polycondensation at expense of joining or cycloreversion.

The second method of synthesis of block-copolymers allows one to 
produce polymers after various combinations of initial compounds, one 
among which is that monomers able to enter the reaction of condensation 
are added to oligomers obtained by polycondensation.

Generally, the bifunctional components are used for creating the block-
copolymers of (–АВ–)n type. The necessary oligomers could be obtained 
by means of either condensation reactions or usual polymerization. The 
end groups of monomer taken in excess are responsible for the chemical 
nature of process in case of condensation.

Until now, the morphological studies have been performed mainly on 
block-copolymers containing two chemically different blocks A and B 
only. One can expect the revelation of quite novel morphological struc-
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tures for three-block copolymers, including three mutually incompatible 
units (ABC) n. And there are few references on such polymers.

Russian and foreign scientists remarkably succeeded in both areas of 
creation of new infl ammable, heat-and thermal resistant polycondensation 
polymers and areas of development of methods of performing polycon-
densation and studying of the mechanism of reactions grounding the poly-
condensation processes [1–6].

The reactions of polycondensation are the bases of producing the most 
important classes of heterochain polymers: polyarylates, polysulfones, 
polyarylenesterketones, polycarbonates, polyamides and others [7–12].

Non-equilibrium polycondensation can be characterized by a number 
of advantages among the polycondensation processes. These are the ab-
sence of exchange destructive processes, high values of constants of speed 
of growth of polymeric chain, etc. However, some questions of nonequi-
librium polycondensation still remain unanswered: the mechanism and ba-
sic laws of formation of copolymers when the possibility of combination 
of positive properties of two, three or more initial monomers can be real-
ized in high-molecular product.

The simple and complex aromatic polyesters, polysulfones and 
polyaryleneketones possess the complex of valuable properties such as 
high physic-mechanical and dielectric properties as well as increased ther-
mal stability.

There are a lot of foreign scientifi c papers devoted to the synthesis 
and study of co polysulfones based on oligosulfones and polyarylenester-
ketones based on oligoketones.

Because of importance of the problem of creation of thermo-stable 
polymers possessing high fl ame- and thermal resistance accompanied 
with the good physic-mechanical properties, the study of the regularities 
of formation of copolyesters and block-copolyesters based of oligo sul-
fone ketones, oligosulfones, oligoketones and oligoformals appeared to 
be promising depending on the constitution of initial compounds, estab-
lishing of interrelations between composition, structure and properties of 
copolymers.

To improve the basic physic-mechanical parameters and abilities to be 
reused (in particular, to be dissolved), the synthesis of copolyesters and 
block-copolyesters has been performed through the stage of formation of 
oligomers with end reaction-able functional groups.
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As the result of performed activities, the oligomers of various chemical 
compositions have been synthesized: oligosulfones, oligoketones, oligo-
sulfoneketones, oligoformals, and novel aromatic copolyesters and block-
copolyesters have been produced.

Obtained copoly  and block-copolyestersulfoneketones, as well as 
polyarylates based of dichloranhydrides of phthalic acids and chloranhy-
dride of 3,5-dibromine-n-oxybenzoic acid and copolyester with groups of 
terephthaloyl-bis(n-oxybenzoic) acid possess high mechanical and dielec-
tric properties, thermal and fi re resistance and also the chemical stabil-
ity. The regularities of acceptor-catalyst method of polycondensation and 
high-temperature polycondensation when synthesizing named polymers 
have been studied and the relations between the composition, structure and 
properties of polymers obtained have been established. The synthesized 
here block-copolyesters and copolyesters can fi nd application in various 
fi elds of modern industry (automobile, radioelectronic, electrotechnique, 
avia, electronic, chemical and others) as thermal resistant construction and 
layered (fi lm) materials.

7.2 AROMATIC POLYESTERS

Aromatic polyesters are polycondensation organic compounds containing 
complex ester groups, simple ester links and aromatic fragments within 
their macromolecule in different combination.

Aromatic polyesters (AP) are thermo-stable polymers; they are ther-
moplastic products useful for reprocessing into the articles and materials 
by means of formation methods from solutions and melts.

Mainly, plastics and fi lms are produced from aromatic copolyesters. 
APs can be used also as lacquers, fi brous binding agents for synthetic pa-
per, membranes, hollow fi bers, as additions for semiproducts when obtain-
ing materials based on other polymers.

Many articles based on APs appear in industry. The world production 
of APs increased from 38 millions of tons in 2004 to 50 in 2008, or on 
32%. The polymers referred to the class of constructional plastics are dis-
tinguished among APs.

Until now, the technical progress in many fi elds of industry, especially 
in engineering industry, instrument production, was circumfused namely 
by the use of constructional plastics. Such exploitation properties of poly-
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mers as durability, thermal stability, electroisolation, antifriction proper-
ties, optical transparency and others determine their usage instead of fer-
rous and nonferrous metals, alloys, wood, ceramics and glass [13]. 1ton of 
polymers replace 5–6 tons of ferrous and nonferrous metals and 3–3.5 tons 
of wood while the economy of labor expenses reaches 800 man-hours per 
1ton of polymers. About 50% of all polymers used in engineering industry 
are consumed in electrotechnique and electronics. The 80% of all the pro-
duction of electrotechnique and up to 95% of that of engineering industry 
has been produced with help of polymers.

The use of construction plastics allows one to create principally new 
technology of creation the details, machine knots and devices what pro-
vides for the high economical effi ciency. The construction polymers are 
well used by means of modern methods: casting and extrusion to the ar-
ticles operating in conditions of sign-altering loads at temperatures 100–
200 °C.

The modern chemical industry gave constructional thermoplastic ma-
terials with lowered consumption of material and weight of the machines, 
devices, mechanisms, reduced power capacities and labor-intensity when 
manufacturing and exploiting, increased stint.

Nowadays, the radioelectronics, electrotechnical, avia, shipbuilding 
and fi elds of industry cannot develop successively without using the mod-
ern progressive polymers such as polyarylates, polysulfones, polyesterke-
tones and others, which are perspective construction materials. Only Rus-
sian industry involves 50 types of plastics including more than 850 labels 
and various modifi cations [14]. As a result, the specifi c weight of products 
of engineering areas and several other branches of industry produced with 
help of plastics grew from 32–35% in 1960 till 85–90% in 1990.

The specifi c weight of construction plastics among the total world pro-
duction of plastics reached only 5% in 1975 [15]. But plastics of construc-
tional use prevailed in world production of plastics in 1981–1985 [16].

The introduction of polymers has not only positive effect on the state 
of already existing traditional areas of industry but also determined the 
technical progress in rocket and atomic industries, aircraft industry, tele-
vision, restorative surgery and medicine as a whole et cetera. The world 
production of construction polymers today is more than 10 million tons.

The thermal and heat-resistant constructional plastics take special 
place among the polymers. The need for such ones arises from fact that 
the use of traditional polymeric materials of technological assignment is 
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limited by insuffi cient working thermal resistance, which is usually less 
than 103–150 °C.

Two classes of polymers have been used for producing high-tonnage 
thermally resistant plastics: aromatic polyarylates and polyamides [17]. 
Starting with these and mutually complementing the properties, materials 
of high operation properties, and thermo-stable plastics of constructional 
assignment in the fi rst turn, have been produced.

Some widely used and attractive classes of polymers of constructional 
assignment are considered in the next section.

7.3 AROMATIC POLYESTERS OF N-OXYBENZOIC ACID

The n-hydroxybenzoic (n-oxybenzoic) acid has been extensively used at 
polymeric synthesis for the improvement of thermal stability of polymers 
for the last years [18, 19]. The aromatic polyester “ECONOL,” homo-
polymer of poly n-oxybenzoic acid, possesses the highest thermal resistant 
among the all homopolymeric polyethers [20] and attracts attention for the 
industry.

The poly n-oxybenzoic acid is the linear high-crystalline polymer 
with decomposition temperature in inert environment of 550 °C [20]. Be-
low this point decomposition goes extremely slow. The loss in weight at 
460 °C in air is 3% during 1 h of thermal treatment and than number is 
1% at 400 °C. The CO, CO2 and phenol are released when decomposing 
in vacuum at temperatures 500–565 °C; the coke remnant is of almost 
polyphenylene-like structure. It is assumed [27], that decomposition starts 
from breaking of ester bonds. The energy of activation of the process of 
fi ssion of up to 30% of fl y degradation products is 249, 5 kJ/mol. The fol-
lowing mechanism for the destruction of polymer has been suggested:

The high ordering of polymer is kept till temperature 425 °C. The equi-
librium value of the heat of melting of polymers of n-oxybenzoic acid is 
found to be 5, 4 kJ/mol [21].
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Several methods for the producing the poly n-oxybenzoic acid have 
been proposed [20, 23–30], which are based of the high-temperature poly-
condensation, because the phenol hydroxyl possesses low reaction ability. 
Usually more reactive chlor anhydrides are used. The polycondensation 
of n-oxybenzoic acid with blocked hydroxyl group (or of corresponding 
chloranhydride) happens at temperature of 150 °C and greater. The n-
acetoxybenzoic acid [23, 24] or the n-oxybenzoic acid mixed with acyla-
tion agent Ac2O [25–27] at presence of standard catalyst (in two stages: 
in solution at temperature 180–280 °C and in solid phase at temperature 
300–400 °C) as well as chloranhydride of n-oxybenzoic acid [34], or the 
reaction of n-oxybenzoic acid with acidic halogenating agent (for exam-
ple, SOCl2, PCl3, PCl5) [29] have been used at synthesis of high-molecular 
polymer aiming to increase the reactivity.

Besides the n-oxybenzoic acid, it’s replaced in core derivatives (with 
F, Cl, Br, J, Me, Et, etc., as replacers) can be used as initial materials 
in polycondensation processes. However, the low-molecular polymer 
of logarithmic viscosity equal to 0.16 is formed at polycondensation of 
methyl-replaced n-oxybenzoic aced in presence of triphenylphosphite [37] 
which is associated to the elapsing of adverse reaction of intramolecular 
etherifi cation with triphenyl phosphite, resulting in termination of chain. 
This reaction does not fl ow when using PCl3. High heat- and thermo-sta-
ble polyesters of n-oxybenzoic acid of given molecular weight containing 
no edge СООН-groups can be obtained by heating of n-oxybenzoic acid 
mixed with dialkylcarbonate at 230–400 °C [20].

The high-molecular polymer can be produced from phenyl ester of n-
oxybenzoic acid at presence of butyltitanate in perchloroligophenylene at 
heating in current nitrogen during 4 h at temperatures 170–190 °C and 
later after 10 h of exposure to 340–360 °C [20]. Usually [32], Ti, Sn, Pb, 
Bi, Na, K, Zn or their oxides, salts of acetic, chlorohydratic or benzoic 
acid are used as catalysts of polycondensation processes when producing 
polyesters. The polycondensation of polymers of oxybenzoic acids and 
their derivatives has been performed at absence of catalysts [33] in current 
nitrogen at temperatures 180–250 °C and pressure during 5–6 h either. The 
temperature of polycondensation can be lowered [34] if it is carried out in 
polyphosphoric acid or using activating COOH– group of the substance.

Interesting investigation on study of structure characteristics of polyes-
ters and copolyesters of n-oxybenzoic acid have been performed in Refs. 
[35, 36]. The introduction of links of n-oxybenzoic acid results in high-
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molecular compounds of ordered packing of chains, similar to the struc-
ture of high-temperature hexagonal modifi cation of homopolymer of n-
oxybenzoic acid [37, 38]. The presence of fragments of n-oxybenzoic acid 
in macromolecular chain of the polymer not only increases the thermal 
resistance but improves the physic-chemical characteristics of polymeric 
materials. Obtained polyesters, consisting of monomers of n-oxybenzoic 
acid and n-dioxyarylene (of formula HO-Ar-OH, where Ar denotes bi-
sphenylene, bisphenylenoxide, bisphenylensulfone), possess higher break-
ing impact strength, than articles from industrial polyester [39]. The data 
on thermogravimetric analysis of homopolymer of n-oxybenzoic acid and 
its polyesters with 4, 4′-dioxybisphenylpropane, tere-or isophthalic acids 
are presented in [21]. The temperature of 10% loss of mass is 454 °C, 
482 °C, and 504 °C for them correspondingly.

Highly durable, chemically inert, thermo-stable aromatic polyesters 
can be produced by interaction of polymers containing links of n-oxy-
benzoic acid, aromatic dioxy-compounds, for example of hydroquinone 
and aromatic dicarboxylic acids [40]. Thermo-and chemically resistant 
polyesters of improved mechanical strength can be obtained by the reac-
tion of n-oxybenzoic acid, aromatic dicarboxylic acids, aromatic dioxy-
compounds and diaryl carbonates held in solid phase or in high-boiling 
solvents [41] at temperature 180 °C and lowered pressure, possibly in the 
presence of catalysts [42]. Some characteristics of aromatic polyesters 
based on n-oxybenzoic acid are gathered in Table 7.1 [20].

As mentioned above, the thermal stability of polymers is closely tied 
to the manifestation of fi re-protection properties. Many factors causing the 
stability of the materials to the exposure of high temperatures are charac-
teristic for the fi re-resistant polymers too.

Thermally stable polyesters can be produced on the basis of n-oxy-
benzoic acid involving stabilizer (triphenylphosphate) introduced on the 
last stage. The speed of the weight loss decreases two times, after 3 h of 
exposure to 500 °C polymers loses 0.87% of mass [43].

The high strength high-modular fi ber with increased thermo- and fi re-
resistance can be formed from liquid-crystal copolyester containing 5–95 
mol % of n-oxybenzoic acid.

The phosphorus is used as fi re-resistant addition; in such a case the 
oxygen index of the fi ber reaches 65% [44].

A 40–70 mol% of the compound of formula Ас-п-С6Н4СООН are used 
to produce complex polyesters of high mechanical strength [45]. The poly-
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esters with improved physic-chemical characteristics can be obtained by 
single-stage polycondensation of the melt of 30–60 mol% of n-oxybenzo-
ic acid mixed with other ingredients [46].

TABLE 7.1 Physic-mechanical Properties of Aromatic Polyesters Based on n-Oxybenzoic 
Acid

Composition of polyesters
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п-oxybenzoic acid, terephthalic acid – – – 35.5 35,000

4,4′-bisphenylquinone 157 47,000

п-oxybenzoic acid, isophthalic acid, hydroqui-
none, 4,4′-benzophenon dicarboxylic acid

141 163 10,270 – –

п-oxybenzoic acid, isophthalic acid, hydroqui-
none, bisphenylcarbonate

– – 493 120.5 –

п-oxybenzoic acid, isophthalic acid, hydroqui-
none, 4,4′-bis-hydroxydiphenoxide or bisphenol 
S

130 160 6100 – –

п-oxybenzoic acid, isophthalic acid, hydroqui-
none, 3-chlor-п-oxybenzoic acid and bisphenol 
D

133 232 10,260 – –

The most used at synthesizing aromatic polyesters are the halogen-
replaced anhydrides of dicarboxylic acids and aromatic dioxy-compounds 
of various constitutions. However, the growing content of halogens in 
polyesters obtained from mono-, bis- or tetra-replaced terephthalic acid 
[46] results in lowering of temperatures of glassing, melting as well as of 
the degree of crystallinity and to some decrease in mechanical strength for 
halogen-replaced bisphenols. Chlorine-and bromine-containing antipy-
renes worsen the thermal resistance of polyesters and are usually used in a 
company with stabilizers [47, 48]. (Antipyrenes are chemical substances, 
either inorganic or organic, containing phosphorus, halogen, nitrogen, bo-
ron, and metals, which are used for the lowering of the fl ammability of 
polymeric materials).
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Besides, the usage of halogen-replaced bisphenols and dicarboxylic 
acids for synthesizing polyesters of lowered fl ammability considerably in-
creases the cost of the latter. Consequently, the aromatic inhibiting fl ame 
additions are necessary for creating thermally and fi re resistant polymeric 
materials. The introduction of such agents in small amounts would not 
diminish properties of polyesters.

Accounting for the aforesaid, one can assume that the chemical modi-
fi cation of known thermally resistant polyesters, by means of introduction 
of solider component (halogen-containing n-oxybenzoic acid) can help to 
solve the problem of increasing of fi re safety of polyesters without wors-
ening of their properties. It is obvious [49] that to replace one should in-
tentionally use bromine atoms, which are more effective in conditions of 
open fi re compared to atoms of other halogens.

So, as it comes from the above, the reactive compound involving halo-
gens are widely used for imparting fi re-protection properties to aromatic 
polyesters, as well as oligomer and polymeric antipyrenes.

The liquid-crystal polyesters (LQPs) became quite popular within the 
last decades. Those differ in their ability to self-arm, possess low coef-
fi cient of linear thermal expansion, have extreme size stability, are very 
chemically stable and almost do not burn.

LQPs can be obtained by means of polycondensation of aromatic oxy-
acids (n-oxybenzoic one), dicarboxylic acids (iso- and terephthalic ones) 
and bisphenols (static copolymers) and also by peretherifi cation of poly-
mers and monomers.

Depending on the degree of ordering, LQPs are classifi ed as smec-
tic, nematic and cholesterol ones. Compounds, able to form liquid-crystal 
state, consist of long fl at and quite rigid, in respect to the major axis, mol-
ecules.

LQPs can be obtained by several cases:
• Polycondensation of dicarboxylic acids with acetylic derivatives of 

aromatic oxy-acids (n-oxybenzoic one) and bisphenols.
• Polycondensation of phenyl esters of aromatic oxy-acids (n-oxyben-

zoic one) and aromatic dicarboxylic acids with bisphenols.
• Polycondensation of dichloranhydrides of aromatic dicarboxylic ac-

ids and bisphenols.
• Copolycondensation of dicarboxylic acids, diacetated of bisphenols 

and/or acetated of aromatic oxy-acids (n-oxybenzoic one) with poly-
ethyleneterephthalate.
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Liquid crystal copolyesters have been synthesized [50–56] on the ba-
sis of n-acetoxybenzoic acid, acetoxybisphenol, terephthalic acid and m-
acetoxybenzoic acid by means of polycondensation in melt. All the co-
polyesters are thermotropic and form nematic phase. The types of LQPs of 
n-oxybenzoic acid are given in Table 7.2.

LQPs can be characterized by high physic-chemical parameters, see 
Table 7.3.

The fi ber possessing high strength properties is formed from the melt 
of such copolyesters at high temperatures.

The synthesis of totally aromatic thermo-reactive complex copoly-
esters based on n-oxybenzoic acid, terephthalic acid, aromatic diols and 
alyphatic acids has been performed by means of polycondensation in melt 
[57–61].

Complex copolyesters are nematic static copolyesters.
The analysis of patents shows that various methods have been pro-

posed for the production of liquid-crystal complex copolyesters [62–64].

TABLE 7.2 Label Assortment of Thermotropic Liquid-Crystal Polyesters of 
n-Oxybenzoic acids

Company Country Trade label Remarks

1 2 3 4

Dartco Manufacturing Inc. USA Xydar Polyester based on n-oxyben-
zoic acid, terephthalic acid 
and п, п-bisphenol

SRT-300 Unfilled with normal fluidity 

SRT-500 Unfilled with high fluidity

FSR-315 50% of talca

MD-25 50% of glass fiber

FC-110 Glass-filled 

FC-120 Glass-filled

FC-130 Mineral filler

RC-210 Mineral filler

RC-220 Glass-filled 
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Company Country Trade label Remarks

1 2 3 4

LNP Corp. Thermocomp Xydar + 150 polytetrafluor-
ethylene (antifriction) 

RTP Co FDX-65194 Xydar compositions: glass-
filed with finishing and 
thermal-stabilizing additions, 
mineral fillers

Celanese Corp. Vectra Polyesters based on n-oxy-
benzoic acid and naphthalene 
derivatives

Celanese Corp. A-130 30% of glass fiber

B-130 30% of glass fiber

A-230 30% of carbon fiber

В-230 30% of glass fiber

A-540 40% of mineral filler

A-900 Unfilled

A-950 Unfilled

Eastman Kodak Co USA Vectron Copolyesters based on n-oxy-
benzoic acid and polyethyl-
eneterephthalateLCC-10108 

LCC-10109

BASF Germany Ultrax Re-replaced complex aro-
matic polyester

Bayer A.G. Germany Ultrax Aromatic polyester

ICI Great 
Britain 

Victrex Polyester based on n-oxyben-
zoic acid and acetoxynaph-
toic acid

SRP-1500G Unfilled

SRP-
1500G-30 

27% of glass fiber

SRP-2300G Unfilled (special design)

SRP-
2300G-30 

27% of glass fiber (special 
design)

TABLE 7.2 (Continued) 
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Company Country Trade label Remarks

1 2 3 4

Sumimoto kagaku koge K.K Japan Ekonol-
RE-6000 

Polyester based on n-oxy-
benzoic acid, isophthalic acid 
and bisphenol

Japan Elano Co Ekonol Fiber

Mitsubishi chemical Co Ekonol Aromatic polyester

Unitica K.K. LC-2000 Polyesters based on n-oxy-
benzoic acid and terephthalic 
acidLC-3000 

LC-6000

TABLE 7.3 Physic-mechanical Properties of Some Liquid-Crystal Polyesters of 
n-Oxybenzoic Acid

Property Xydar Vectra
SRT-
300

SRT-
350

FSR-
315

A-625 
(chem. 
stable)

А-515 
(highly 
fluid)

А-420 
(wear 
resis-
tant)

А-130 
(filled 
with 
glass 
fiber)

С-130 
(highly 
thermal 

resistant)

Density, g/cm3 1.35 1.35 1.4 1.54 1.48 1.88 1.57 1.57
Tensile limit, 
MPa

115.8 125.5 81.4 170 180 140 200 165

Modulus in 
tension, GPa

9.65 8.27 8.96 10 12 20 17 16

Transverse 
strength, MPa

131.0 131.0 111.7 — — — — —

Izod impact, 
J/m
of samples 
with cut

128.0 208 75 130 370 100 135 120

of samples 
without cut

390.0 186 272 — — — — —

Tensile elon-
gation, %

4.9 4.8 3.3 6.9 4.4 1.3 2.2 1.9

TABLE 7.2 (Continued) 

© 2015 by Apple Academic Press, Inc.

  



A Comprehensive Review on Aromatic Polyesters 117

Property Xydar Vectra
SRT-
300

SRT-
350

FSR-
315

A-625 
(chem. 
stable)

А-515 
(highly 
fluid)

А-420 
(wear 
resis-
tant)

А-130 
(filled 
with 
glass 
fiber)

С-130 
(highly 
thermal 

resistant)

Deformation 
heat resistance 
(at 1,8 MPa), 
°С

— — — 185 188 225 230 240

Heat resis-
tance on 
vetch, °С

366 358 353 — — — — —

Arc resistance, 
sec

138 138 — — — — — —

Dielectric 
constant at 
106°Hz

3.94 3.94 — — — — — —

Dielectric 
loss tangent at 
106°Hz

0.039 0.039 — — — — — —

The description of methods for production of copolymers (having re-
petitive links from derivatives of n-oxybenzoic acid, 6-oxy-2-naphthoic 
acid, terephthalic acid and aromatic diol) formable from the melt is re-
ported in papers [65–68]. Each repetitive link is in certain amounts within 
the polymer. All these copolymers are used as protective covers.

The thermotropic liquid-crystal copolyesters can be synthesized also 
on the basis of n-oxybenzoic and 2, 6-oxynaphthoic acid at presence of 
catalysts (sodium and calcium acetates) [69, 70]. The catalyst sodium ac-
etate accelerates the process of synthesis. Calcium acetate accelerates the 
process only at high concentration of the catalyst and infl uences on the 
morphology of complex copolyesters.

The syntheses of copolymers of n-oxybenzoic acid with polyethylene-
terephthalate and other components are possible too [71–75]. It is estab-
lished that copolymers have two-phase nature: if polyethyleneterephthal-
ate is introduced into the reaction mix then copolymers of block-structure 
are formed.

TABLE 7.3 (Continued)
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The properties of liquid-crystal copolyesters based on n-oxybenzoic 
acid and oxynaphthoic acid (in various ratios and temperatures) are de-
scribed in papers [76–81]. It was shown therein that the plates from such 
polymers formed by die-casting are highly anisotropic which results in 
appearance of the layered structure. Those nematic liquid crystals had fer-
roelectric ordering. Following substances are characterized in [82–85]: 
aromatic copolyesters of n-oxybenzoate/bisphenol A; those based on n-
oxybenzoic acid, bisphenol and terephthalic acid; based on 40 molar % 
n-oxybenzoic acid, 30 molar % n-hydroquinone and isophthalic acid; and 
those based on n-oxybenzoic acid, n-hydroquinone and 2,6-naphthalenedi-
carboxylic acid. The infl uence of temperature, warm-up time and heating 
rate on the properties of copolyesters was studied: the glass-transition tem-
perature was shown to increase with warm-up expanded. The number of 
works is devoted to the study of the complex of physic-chemical proper-
ties of liquid-crystal copolyesters based on n-oxybenzoic acid and poly-
ethyleneterephthalate [86–97]. It was established that mixes up to 75% 
of liquid-crystal compound melt and solidify like pure polyethylenetere-
phthalate. Copolyesters, containing less than 30% of n-oxybenzoic acid, 
are in isotropic glassy state while copolyesters of higher concentration of 
the second compound are in liquid-crystal phase and can be character-
ized by bigger electric inductivity, than in glassy state. This distinction 
in caused by the existence of differing orientational distribution of ma-
jor axes in relation to the direction of electric fi eld in various structure 
instances of copolyesters. The data of IR-spectroscopy reveal that com-
ponents of the mix interact in melt by means of reetherifi cation reaction. 
Increasing pressure, decreasing free volume and mobility in the mix, one 
can delay the reaction between the compounds.

The investigation of the properties of liquid-crystal copolyesters 
based on n-oxybenzoic acid/polyethyleneterephthalate and their mixes 
with isotactic polypropylene (PP), polymethylmethacrylate, polysulfone, 
polyethylene-2, 6-naphthalate, copolyester of n-oxybenzoic acid 6,2-oxy-
naphthoic acid continues in papers [98–106]. Specifi c volume, thermal 
expansion coeffi cient α and compressibility β were measured for PP mixed 
with liquid-crystal copolymer n-oxybenzoic acid/polyethyleneterephthal-
ate. The high pressure results in appearance of ordering in melted PP. The 
increase of α and β for all mixes studied (100–25% PP) has been observed 
at temperatures about melting point of PP having those parameters for 
liquid-crystal copolyester changed inconsiderably. Increasing content of 
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liquid-crystal copolyester in the mix remarkably decreases the value of α 
both in solid state and in area of melting PP. The latter has to be account-
ed for when producing articles. The liquid-crystal compound is grouped 
in shape of concentric cylinders of various radii in mixes with polysul-
phones. It becomes responsible for the viscous properties of the mixes at 
above conditions.

Piezoelectric can be produced from liquid-crystal polymers based 
on n-oxybenzoic acid/polyethyleneterephthalate and n-oxybenzoic acid/
oxynaphthoic acid. Time-stability and temperature range of effi ciency 
of piezoelectric from polymer made of 6.2-oxynaphthoic acid are higher 
compared to that of polyethyleneterephthalate.

It was found that the use of 30% liquid-crystal copolyester of n-oxy-
benzoic acid/polyethyleneterephthalate makes polymethylmethacrylate 
30% more durable and increases the elasticity modulus on 110%, with the 
reprocessibility being the same.

The structure and propertied of various liquid-crystal copolymers are 
studied in papers [107–112]. For example, copolymers based on n-oxy-
benzoic acid, polyethyleneterephthalate, hydroquinone and terephthalic 
acid, are studied in [107] the introduction of the mix hydroquinone/tere-
phthalic acid accelerates the process of crystallization and increases the 
degree of crystallinity of polyesters.

The existence of two structure areas of melts of copolyesters, namely 
of low-temperature one (where high-melting crystals are present in nem-
atic phase) and high-temperature other (where the homogeneous nematic 
alloy is formed) is revealed when studying the curves of fl uxes of homo-
geneous and heterogeneous melts of copolyesters based on polyethylene-
terephthalate and acetoxybenzoic acid [108].

The curves of fl ux of liquid-crystal melt are typical for viscoplastic 
systems while the trend for the fl ow limit to exist becomes more evident 
with increasing molar mass and decreasing temperature. Essentially higher 
quantities of molecular orientation and strength correspond to extrudates 
obtained from the homogeneous melt compared to extrudates produced 
from heterophase melt. The infl uence of high-melting crystallites on the 
process of disorientation of the structure and on the worsening of durabil-
ity of extrudates becomes stronger with increasing contribution of meso-
genic fragment within the chain.

When studying structure of liquid-crystal copolymers based on n-
oxybenzoic acid/polyethyleneterephthalate and m-acetoxybenzoic acid by 
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means of IR-spectroscopy, 1Н nuclear magnetic resonance and large angle 
X-ray scattering, the degree of ordering in copolymers was shown [109] 
to increase if concentration of n-oxybenzoic units went from 60 till 75%.

When studying properties of copolymers n-oxybenzoate/
ethyleneterephthalate/m-oxybenzoate with help of thermogravimetry 
[110] the thermo-decomposition of copolymers was found to happen at 
temperatures 450–457°С in N2 and 441–447°С in air. The infl uence of the 
ratio of n-and m-isomers was regarded, the coal yield at T > 500 °C found 
to be 42–6% and increasing with growing number of n-oxybenzoic units.

The mixing of melts poly 4, 4′-oxybenzoic acid/polyethylenetere-
phthalate was studied in Ref. [111]: the kinetic characteristics of the mix 
became incompatible at reetherifi cation.

The measurement of glassing temperature Tglass [112] of thermotropic 
liquid-crystal polyesters synthesized from 4-acetoxybenzoic acid (com-
ponent A), polyethyleneterephthalate (component B) and 4-acetoxy-
hydrofl uoric acid revealed that the esters could be characterized by two 
phases, to which two glassing temperatures correspond: Tglass = 66–83°С 
and Tglass = 136–140°С. The lower point belongs to the phase enriched in 
B, while higher one – to phase enriched in A.

Liquid-crystal polymers are most applicable among novel types of 
plastics nowadays. The chemical industry is considered to be the one of 
perspective areas of using liquid-crystal polymers where they can be used, 
because of their high thermal and corrosion stability, for replacement of 
stainless steel and ceramics.

Electronics and electrotechnique are considered as promising areas 
of application of liquid-crystal polymers. In electronics, however, liquid-
crystal polymers meet acute competition from cheaper epoxide resins and 
polysulfone. Another possible areas of using high-heat-resistant liquid 
crystal polymers are avia, space and military technique, fi ber optics (cover 
of optical cable and so on), auto industry and fi lm production.

The question of improving fi re-resistance of aromatic polyesters is paid 
more attention last time. Polymeric materials can be classifi ed on criterion 
of combustibility: noncombustible, hard-to-burn and combustible. Aro-
matic polyesters enter the combustible group of polymers self-attenuating 
when taken out of fi re.

The considerable fi re-resistance of polymeric materials and also the 
conservation of their form and sizes are required when polymers are ex-
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ploited to hard conditions such as presence of open fi re, oxygen environ-
ment, and exposure to high-temperature heat fl uxes.

On the assumption of placed request, the extensive studies on both syn-
theses of aromatic polyesters of improved fi re-resistance and modifi cation 
of existing samples of polymers of given type have been carried out. The 
most used methods of combustibility lowering are following:

• Coating by fireproof covers;
• Introduction of filler;
• Directed synthesis of polymers;
• Introduction of antipyrenes;
• Chemical modification.
The chemical modifi cation is the widely used, easily manageable 

method of improving the fi re resistance of polymers. It can be done syn-
thetically, simultaneously with the copolymerization with reactive modi-
fi er via, for example, introduction of replaced bisphenols, various acids, 
and other oxy-compounds. Or it can be done by addition of reactive agents 
during the process of mechanic-chemical treatment or at the stage of re-
processing of polymer melt [113].

The most acceptable ways of modifi cation of aromatic polyesters aimed 
to get self-attenuating materials of improved resistance to aggressive me-
dia are the condensation of polymers from halogen-containing monomers, 
the combination of aromatic polyesters with halogen-containing com-
pounds and the use of halogen-involving coupling agents [114, 115].

Very different components (aromatic and aliphatic) can become modi-
fi ers. They inhibit the processes of combustion and are able to not only 
to attach some new features to polymers but also improve their physical 
properties.

7.4 AROMATIC POLYESTERS OF TEREPHTHALOYL-BIS-(N-
OXYBENZOIC) ACID

Among known classes of polymers the aromatic polyesters with rigid 
groups of terephthaloyl-bis-(n-oxybenzoic) acid in main chain of next for-
mula attract considerable attention:
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The polymers with alternating terephthaloyl-bis (n-oxybenzoatomic) 
rigid (R) mesogenic groups and fl exible (F) decouplings of various chemi-
cal structure within the main chain (RF-copolymers) are able to form liq-
uid-crystal order in the melt. The interest to such polymers is reasoned 
by fact that dilution of mesogenic “backbone” of macromolecule by fl ex-
ible decouplings allows one to change the temperature border of polymer 
transfer from the partially crystalline state into the liquid-crystal one and 
also to change the interval of existence of liquid-crystal melt. The typical 
representatives of such class of polymers are polyesters with methylene 
fl exible decouplings.

These polymers have been synthesized by high-temperature polycon-
densation of terephthaloyl-bis (n-oxybenzoylchloride) with appropriate 
diols in high-boiling dissolvent under the pressure of inert gas. Bispheny-
loxide is used as dissolvent.

The features of conformation, orientation order, molecular dynam-
ics of mentioned class of polymers are studied in [116–119] on the ba-
sis of polydecamethyleneterephthaloyl-bis(n-oxybenzoate), P-10-MTOB, 
which range of liquid-crystallinity is from 230 °С till 290 °С.

The study of polyesters with terephthaloyl-bis (n-oxybenzoate) groups 
continues in papers [120–123]. The oxyethylene (CH2CH2O)n and oxy-
propylene (CH2CHCH3O)n groups are used as fl exible decouplings. It was 
found for oxyethylene decouplings that mesophase did not form if fl ex-
ible segment was three times longer than rigid one. The folding of fl ex-
ible decoupling was found to be responsible for the formation of ordered 
mesophase in polymers with long fl exible decoupling. It was observed 
that polymers are able to form smectic and nematic liquid-crystal phases, 
the diapason of existence of which is determined by the length of fl exible 
fragments.

The reported in Ref. [124] were the data on polymers containing meth-
ylene siloxane decouplings in their main chain:
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The polymer was produced by heating of dichloranhydride of tere-
phthaloyl-bis (n-oxybenzoic) acid, 1,1,3,3-tetramethylene-1,3-bis-(3-
hydroxypropyl)-bis-siloxane and triethylamine in ratio 1:1:2, respectively, 
in environment of chloroform in argon atmosphere. The studied were the 
fi bers obtained by mechanical extrusion from liquid-crystal melt when 
heating initial sample. The polymer’s characteristic structure was of smec-
tic type with folding location of molecules within layers.

The study of liquid-crystal state was performed in [125] on polymers 
with extended (up to 5 phenylene rings) mesogenic group of various 
lengths of fl exible oxyethylene decouplings:

All polymers were obtained by means of high-temperature acceptor-
free polycondensation of terephthaloyl-bis (n-oxybenzoylchloride) with 
bis-4-oxybenzoyl derivatives of corresponding polyethylene glycols in 
solutions of high-boiling dissolvent in current inert gas. Copolyesters with 
mesogenic groups, extended up to 5 phenylene cycles and up to 15–17 
oxyethylene links, are able to form the structure of nematic type.

Polymers can also form the systems of smectic type [126]. The studied 
in Ref. [127] was the mesomorphic structure of polymer with extended 
group polyethylene glycol-1000-terephthaloyl-bis-4-oxybenzoyl-bis-4′-
oxybenzoyl-bis-4′′-oxybenzoate:

This polymer (of formula R=CH2CH2 (OCH2CH2)18–20) was synthe-
sized by means of high-temperature acceptor-free polycondensation of 
terephthaloyl-bis-4-oxybenzoate with bis-(4-oxybenzoyl-4′-oxybenzoyl) 
derivative polyethylene glycol-1000 in the environment of bisphenylox-
ide [128]. The X-ray diffraction pattern revealed that the regularity of 
layered order weakened with rising temperature while ordering between 
mesogenic groups in edge direction kept the same. That type of specifi c 
liquid-crystal state in named polymer formed because of melting of layers 
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including fl exible oxyethylene decouplings at keeping of the ordering in 
transversal direction between mesogenic groups.

The Ref. [129] was devoted to the study of the molecular mobility of 
polymer which formed mesophase of smectic type in temperature range 
223–298°С. Selectively deuterated polymers were synthesized to study the dy-
namics of different fragments of polymer in focus. That polymer was found to 
have several coexisting types of motion of mesogenic fragment and decoupling 
at the same temperature. There were massive vibration of phenylene cycles 
with varying amplitude and theoretically predicted movements of polymeth-
ylene chains [130]: transgosh-isomerization and translation motions involving 
many bonds. Such coexistence was determined by the phase microheterogene-
ity of polymers investigated.

The process of polycondensation of terephthaloyl-bis (n-oxybenzoyl-
chloride) with decamethyleneglycol resulting in liquid-crystal polyester 
was studied in [131]. The monomers containing groups of complex es-
ters entered into the reaction with diols at suffi ciently high temperature 
(190 °C).

The relatively low contribution of adverse reactions compared to the 
main one led to regular structure of fi nal polyester. The totally aromatic 
polyesters of following chemical constitution were studied in Ref. [132]: 
polymer “ФТТ-40” consisting of three monomers (terephthaloyl-bis (n-
oxybenzoic) acid, terephthalic acid, phenylhydroquinone and resorcinol) 
entering to the polymeric chain in quantities 2:3:5. Terephthalic acid was 
replaced with monomer containing phenylene cycle in meta-place in poly-
mer “ФГР-80.”

C

O

O C

O

C

O

O C

O terephthaloyl-bis(n-oxybenzoic) acid (A), 
C

O

C

O  terephthalic acid (B), 

O O  phenylhydroquinone (C), 
O

O  resorcinol (D).
The monomers entered to the polymeric chain in ratio A: C: D=5:4:1. 

These polymers melted at temperatures 300–310°С and switched to liq-
uid-crystal state of nematic type. The monomers in “ФТТ-40” were found 
to be distributed statistically.
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The infl uence of chemical structure of fl exible decouplings in polytere-
phthaloyl-bis (n-oxybenzoates) on their mesogenic properties was studied 
in Ref. [131]. The studied were the polymers, which had asymmetrical 
centers, introduced into the fl exible methylene decoupling and also com-
plex ester groups:

 
O C

O

O C

O

C

O

O C

O

O R

n

 R=CH(CH3)CH2CH2CH2CH2 (I); R=CH(R′)СOOCH2CH2(II, I)
where R′=CH(CH3)2 (II) or CH2CH2(CH3) (III).

The polymer I was synthesized by means of high-temperature accep-
tor-free polycondensation from dichloranhydride of terephthaloyl-bis(n-
oxybenzoic) acid and 2-methylhexa-methylene-1, 5-diol in inert dissol-
vent (bisphenyloxide at 200 °C). The phase state of polymer I at room 
temperature was found to depend on the way of sample preparation. The 
samples obtained from polymer immediately after synthesis and those 
cooled from melt were in mesomorphic state, but dried from the solutions 
in trifl uoroacetic acid were in partially crystalline state.

The polymers II and III were in partially crystalline state at room tem-
perature irrespective from the method of production.

So, the introduction of asymmetrical center into the fl exible pentam-
ethylene decoupling did not change the type of the phase state in the melt 
and did not infl uence on the temperature of the transitions into the area 
of existing of liquid-crystal phase. However, increasing of the rigidity of 
methylene decouplings via the introduction of complex-ester groups and 
enlarging of the volume of side branches considerably infl uenced on the 
character of intermolecular interaction what resulted in the formation of 
mesomorphic state of 3D structure during the melting of polymers.

The conformational and optic properties of aromatic copolyesters with 
links of terephthaloyl-bis (n-oxybenzoic) acid, phenylhydroquinone and 
resorcinol, containing 5% (from total number of para-aromatic cycles) 
of m-phenylene cycles within the main chain were studied in [134]. The 
polymer had the structure:
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It was determined that the length of statistic Kuhn segment A was 
200±20Å, the degree of dormancy of intramolecular rotations (σˉ2)1/2=1.08, 
the interval of molar masses started with 3.1 and ended 29.9×103.

The analysis of literature data shows that the use of bisphenyl deriva-
tives as elements of structure of polymeric chain allows one to produce 
liquid crystal polyesters, reprocessible from the melt into the articles of 
high deformation-strength properties and high heat resistance.

The polyethers containing mesogenic group and various bisphenylene 
fragments were synthesized in Ref. [135]:

links of 4-oxybisphenyl-4-carbonic acid, links of п-oxybenzoic acid,

links of terephthalic acid, links of dihydroxylic 
bisphenyls of (3,3′-dioxybi-
sphenyl).

All were linked with various decouplings within the main chain of next 
kinds:

C

O

OC

O

 OC

O

CO

O

CO

O

C

O

OR O
n
 I

poly(alkyleneterephthaloyl-bis-4-oxybisphenyl-4′-carboxylate)
[η] = 0,78 deciliter/gram Тglass = 160°С, Тvapor = 272°С, where R = (CH2)6; 

(CH2)10
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 II

poly(oxyalkyleneterephthaloyl-bis-4-oxybenzoyl-4′-oxybenzoate
where R = −CH2−CH2OCH2−CH2−; −(−CH2CH2O−)2−CH2CH2− oxy-

ethylene decouplings; polyethylene glycols (PEG) PEG 200, PEG 300, 
PEG 400, PEG 600, PEG 1000 – polyoxyethylene decouplings of various 
molecular weights and copolymers based on 3,3′-dioxybisphenyl with ele-
ments of regularity within the main chain:

  III

links of terephthaloyl-bis(n-oxybenzoic) acid – links of 3,3′-dioxybi-
sphenyl
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100-X
100

X  IV

links of terephthalic acid-links of terephthaloyl-bis(n-oxybenzoic) acid-
links of 3,3′-dioxybisphenyl.

The synthesized in Ref. [136] were the block-copolymers contain-
ing the links of terephthaloyl-bis (n-oxybenzoate) and polyarylate. It was 
found that such polymers had liquid-crystal nematic phase and the biphase 
separation occurred at temperatures above 280 °C.

The thermotropic liquid-crystal copolyester of polyethyleneterephthal-
ate and terephthaloyl-bis (n-oxybenzoate) was described in Ref. [137]. The 
snapshots of polarized microscopy revealed that copolyester was nematic 
liquid-crystal one.

When studying the reaction of reetherifi cation happening in the mix 
50:50 of polybutyleneterephthalate and complex polyester, containing me-
sogenic sections from the remnants of n-oxybenzoic (I) and terephthalic 
(II) acids separated by the tetramethylene decouplings the content of four 
triads with central link (I) and three triads with central link II was deter-
mined in Ref. [138]. The distribution of triad sequences approximated to 
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the characteristic one for statistical copolymer with increasing of the ex-
posure time.

The relaxation of liquid-crystal thermotropic polymethyleneterephtha-
loyl-bis(n-oxybenzoate) was studied in Ref. [139]: the β-relaxation oc-
curred at low temperatures while α-relaxation took place at temperatures 
above 20 °C (β-relaxation is associated with local motion of mesogenic 
groups while α-relaxation is caused by the glassing in amorphous state). It 
was established thin the presence of ordering both in crystals and in nem-
atic mesophase expanded relaxation.

So, the liquid-crystal nematic ordering is observed, predominantly, in 
considered above polymeric systems containing links of terephthaloyl-bis 
(n-oxybenzoic) acid [140] and combining features of both polymers and 
liquid crystals. Such ordering can be characterized by the fact that long 
axes of mesogenic groups are adjusted along some axis and the far trans-
lational ordering in distribution of molecules and links is totally absent.

The analysis of references demonstrates that polyesters with links of 
terephthaloyl-bis (n-oxybenzoic) acid can be characterized by the set of 
high physic-mechanical and chemical properties.

That is why we have synthesized novel copolymers on the basis of 
dichloranhydride of terephthaloyl-bis (n-oxybenzoic) acid and various 
aromatic oligoesters.

7.5 AROMATIC POLYARYLENESTER KETONES

The acceleration of technical progress, the broadening of assortment of 
chemical production, the increment of the productivity of labor and quality 
of items from plastics are to a great extent linked to synthesis, mastering and 
application of new types of polymeric materials. New polymers of improved 
resistance to air, heat form-stability, and longevity appeared to meet the needs 
of air and space technique. Filling and reinforcement can help to increase the 
heat resistance on about 100 °C. Plastics enduring the burden in temperature 
range 150–180°С are called “perspective” while special plastics efficient 
at 200 °C are named “exotic.”

The most promising heat-resistant plastics for hard challenges are 
polysulfones.
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Today, the widely used aromatic polysulfones as constructional and elec-
troisolating materials are those of general formula [−O−Ar−SO2−]n where R 
stands for aromatic radical.

The modifi ed aromatic polysulfones attract greater interest every day. 
The introduction of ester group into the chain makes the molecule fl exible, 
elastic, more “fl uid” and reprocessible. The introduction of bisphenylsul-
phonic group brings thermal resistance and form stability. Non-modifi ed 
polysulfones are hardly reprocessible due to the high temperature of melt 
and are not used for technical purposes.

Aromatic polysulfones are basically linear amorphous polyerylensul-
fonoxides. They are constructional thermoplasts, which have sulfonic 
groups-SO2 – in their main chain along with simple ester bonds, aliphatic 
and aromatic fragments in different combinations.

There are two general methods known for the production of polyarylene-
sulfonoxides from hydroxyl-containing compounds [8, 141]. These are 
the polycondensation of disodium or dipotassium salts of bisphenols with 
dahalogenbisphenylsulfone and the homopolycondensation of sodium or 
potassium salts of halogenphenoles. One should notice that mentioned re-
actions occur according to the bimolecular mechanism of nucleophylic 
replacement of halogen atom within the aromatic core.

The fi rst notion of aromatic polysulfones as promising constructional 
material was met in 1965 [142–145]. The most pragmatic interest among 
aromatic polysulfones attracts the product of polycondensation of 2,2-bis 
(-4-oxyphenyl) of propane and 4,4′-dichlorbisphenyldisulfone:

The degree of polymerization of industrial polysulfones varies from 60 
till 120 what corresponds to the weights from 30,000 to 60,000.

The other bisphenols than bisphenylolpropane (Diane) can be used for 
synthesizing polysulfones, and the constitution of ingredients make con-
siderable effect on the properties of polymers.
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Linear polysulfones based on bisphenylolpropane and containing iso-
propylidene groups in the chain are easily reprocessible into the articles 
and have high hydrolysis stability. The presence of simple ester links in the 
polymeric chains makes them more fl exible and durable. The main effect 
on properties of such polysulfones is produced by sulfonic bond, which 
makes the polymer more stable to oxidation and more resistant to heat. 
Above properties of polysulfones along with the low cost of bisphenylol-
propane change them into almost ideal polymers for constructional plas-
tics. Polysulfones of higher heat-resistance can be obtained on the basis of 
some other bisphenols.

The industrial production of polysulfones based on 2,2-bis-
(4oxyphenyl) of propane and 4,4′-dichlorbisphenylsulfone was started by 
company “Union Carbid” (USA) in 1965 [146].

The manufacture of given aromatic polysulfones was also launched 
by company “ICI” in Great Britain under the trademark “Udel” in 1966. 
Various labels of constructional materials (Р-1700, Р-1700-06, Р-1700-13, 
Р-1700-15, etc.) are developed on the basis of this type of polysulfones.

Aromatic polysulfones are soluble in different solvents: good dissolu-
tion in chlorized organic solvents and partial dilution in aromatic hydro-
carbons.

By its thermo-mechanical properties the aromatic polysulfone on the 
basis of bisphenylolpropane takes intermediate place between polycarbon-
ate and polyarylate of the same bisphenol. The glassing temperature of the 
polysulfone lies in the ranges of 190–195 °С, heat resistance on vetch is 
185 °C. The given polysulfone is devised to be used at temperatures below 
150 °C and is frost-resistant material (–100 °C).

One of the most valuable properties of polysulfones is well creep resis-
tance, especially at high temperatures. The polysulfone’ s creep deforma-
tion is 1.5% at 100 °C and after 3.6  1060 sec loading of 21 MPa, which is 
better than that of others. Their long-term strength at high temperature is 
also better. Thus, the polysulfone can be used as constructional material 
instead of metals.

The fl ow limit of polysulfone is 71.5 MPa, the permanent strain after 
rupture is 50–100%. At the same time the elasticity modulus (25.2 MPa) 
points on suffi cient rigidity of material, which is comparable to that of 
polycarbonate. Impact strength on Izod is 7–8 kJ/m2 at 23 °C with notch.
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The strength and durability of polysulfones keep well at high tempera-
tures. This fact opens possibilities to compete with metals in such areas 
where other thermoplasts are worthless.

The possibilities of using polysulfones in parts of high-precision articles 
arise from its low shrinkage (0.7%) and low water absorption (0.22% after 
5.64×104 sec).

Aromatic polysulfone on the basis of bisphenylolpropane is relatively 
stable to thermo-oxidation destruction, because the sulfur is in its highest 
valence state in such polymers; electrons of adjacent benzene nuclei shift, 
under the presence of sulfur, to the side of sulfogroups what causes the 
resistance to oxidation.

The polysulfone can operate long at temperature up to 140–170 °C, the 
loss of weight after 2.52×107 sec of loading at 125 °C is less than 0.25%; 
polymer loses 3% of its mass after 3.24×107 sec of exposure to 140 °C in 
oxygen.

The results of thermal destruction of polysulfone in vacuum have re-
vealed that the fi rst product of decomposition at 400 °C was the sulfur 
dioxide; there are also methane and bisphenylpropane in products of de-
composition at temperatures below 500 °C.

So, the polysulfone is one of the most stable to thermo-oxidation ther-
moplasts.

The articles from polysulfone possess self-attenuating properties, 
caused by the nature of polymer but not of the additives. The values of 
oxygen index for polysulfone lie in the range of 34–38%. Apparently, 
aromatic polysulfones damp down owing to the formation of carbonized 
layer, becoming porous protective cover, on their surfaces. The probable 
is the explanation according to which the inert gas is released from the 
polymer [8].

Aromatic polysulfone is chemically stable. It is resistant to the effect of 
mineral acids, alkalis and salt solutions. It is even more stable to carbohy-
drate oils at higher temperatures and small loadings [149].

The polysulfone on the basis of bisphenylpropane also possesses high 
dielectric characteristics: volume resistivity –1017; electric inductivity at 
a frequency 106 Hz is 3.1; dielectric loss tangent at a frequency 106 Hz is 
6×10–4.

Aromatic polysulfones can be reprocesses by die-casting, by means 
of extrusion, pressing, blow method [150, 151]. The aromatic polysul-
fones should be dried out for approximately 1.8×104 sec at 120 °C until 
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the moisture is more than 0,05%. The quality of articles based on polysul-
fone worsens at higher moists though the polymer itself does not change 
its properties. The polysulfones are reprocessible at temperatures 315–
370 °C.

The high thermal stability of aromatic polysulfones allows one to con-
duct multitime reprocessing without the destruction of polymer and loss 
of properties. The pressed procurements can be mechanically treated on 
common machine tools.

Besides the aromatic polysulfone on the basis of bisphenylpropane, the 
other aromatic polysulfones are produced industrially. In particular, the 
industrial manufacture of polysulfones has been carried out by company 
“Plastik 3 M” (USA) since 1967 (the polymers are produced by reaction 
of electrophylic replacements at presence of catalyst). The polysulfone 
labeled “Astrel-360” contains links of following constitution:

The larger amount of fi rst-type links provides for the high glassing 
temperature (285 °C) of the polymer. The presence of second-type links 
allows one to reprocess this thermoplast with help of pressing, extrusion 
and die casting on special equipment [152].

The company “ICI” (Great Britain) produced polysulfones identical 
to “Astrel-360” in its chemical structure. However, the polymer “720 P” 
of that fi rm contains greater number of second-type links. Due to this, the 
glassing temperature of the polymer is 250 °C and its reprocessing can be 
done on standard equipment [153].

Pure aromatic structure of given polymers brings them high thermo-
oxidation stability and deformation resistance. Mechanical properties of 
polysulfone allow one to classify them as technical thermoplasts having 
high durability, rigidity and impact stability. The polymer “Astrel 360” is 
in the same row with carbon steel, polycarbonate and nylon on its durabil-
ity.

The polysulfone has following main characteristics: water absorption – 
1.8% [within 5.64  104 sec); tensile strength – 90 MPa (20°С) and 30 MPa] 
(260°С); bending strength – 120 MPa (20°С) and 63 MPa (260°С); modu-
lus in tension – 2.8 GPa (20°С); molding shrinkage – 0.8%; electric induc-
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tivity at a frequency 60 Hz – 3.94; dielectric loss tangent at 60 Hz – 0.003 
[154–157].

The polysulphones have good resistance to the effect of acids, alkalis, 
engine oils, oil products and aliphatic hydrocarbons.

The polysulfone “Astrel-600” can be reprocesses at harder conditions. 
Depending on the size and shape of the article, the temperature of pressed 
material should lie within the ranger of 315–410°С while pressure should 
be about 350 MPa [158]. The given polysulfone can be reprocessed by any 
present method. Articles from it can be mechanically treated and welded. 
Thanks to its properties, polysulfone fi nds broad use in electronic, electro-
technique and avia-industry [159, 160].

The papers [161–163] reported in 1968 on the production of heat-re-
sistant polyarylenesulfonoxides “Arilon” of following constitution (com-
pany “Uniroyal,” USA):

“Arilon” has high rigidity, impact-resistance and chemical stability. 
The gain weight was 0.9% after 7 days of tests in 20% HCl and 0.5% in 
10% NaOH.

This polymer is suitable for long-term use at temperatures 0–130 °C 
and can be easily reprocessed into articles by die-casting. It also can be 
extruded and exposed to vacuum molding with deep drawing.

Given polysulfone fi nds application in different fi elds of technique as 
constructional material.

Since 1972, the company “ICI” (Great Britain) has been manufacturing 
the polyarylenesulfonoxide named “Victrex” which forms at homopoly-
condensation of halogenphenoles [164–166] of coming structure formula:

Several types of polysulfone “Victrex” can be distinguished: 100P–
powder for solutions and glues; 200P–casting polymer; 300P–with in-
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creased molecular weight for extrusion and casting of articles operating 
under the load at increased temperature in aggressive media; and others.

The polysulfone “Victrex” represents amorphous thermoplastic con-
structional polymer differing by high heat-resistance, dimensional staunch-
ness, low combustibility, chemical and radiation stability. It can easily be 
reprocessed on standard equipment at 340–380°С and temperature of 
press-form 100–150 °C. It is dried at 150 °C for 1, 08 * 104 sec before 
casting [167, 168].

This polysulfone is out of wide distribution yet. However, it will, pre-
sumably, supplant the part of nonferrous metal in automobile industry, in 
particular, when producing carburetors, oil-fi lters and others. The poly-
sulfone successively competes with aluminum alloys in avia industry: the 
polymer is lighter and yields neither in solidity, neither in other character-
istics.

The company “BASF” (Germany) has launched the production of poly-
ethersulfone labeled “Ultrason E” [169] representing amorphous thermo-
plastic product of polycondensation; it can be characterized by improved 
chemical stability and fi re-resistance. The pressed articles made of it differ 
in solidity and rigidity at temperature 200 °C. It is assumed to be expedi-
ent to use this material when producing articles intended for exposure to 
increased loadings when the sizes of the article must not alter at tempera-
tures from −100 °C till 150 °C. These items are, for instance in electro-
technique, coils formers, printing and integrated circuits, midspan joints 
and fi lms for condensers.

“Ultrason E” is used for producing bodies of pilot valves and shaped 
pieces for hair dryers.

The areas of application of polysulfones are extremely vary and include 
electrotechnique, car and aircraft engineering, production of industrial, 
medical and offi ce equipment, goods of household purpose and packing.

The consumption of polysulfones in Western Europe has reached 50% 
in electronics/electrotechnique, 23% in transport, 12% in medicine, 7% in 
space/aviation and 4% in other areas since 1980 till 2006 [170].

The polysulfones are used for manufacturing of printed-circuit sub-
strates, moving parts of relays, coils, clamps, switches, pipes socles, po-
tentiometers details, bodies of tools, alkaline storage and solar batteries, 
cable and capacitor insulation, sets of television and stereo-apparatuses, 
radomes. The details under bonnet, the head lights mirrors, the fl asks of 
hydraulic lifting mechanisms of cars are produced from polysulfones. 
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They are also met in internal facing of planes cockpits, protective helmets 
of pilots and cosmonauts, details of measuring instruments.

The polysulfones are biologically inert and resistant to steam steril-
ization and γ-radiation what avails people to use them in medicine when 
implanting artifi cial lens instead of removed due to a surgical intervention 
and when producing medical tools and devices (inhalers bodies, ophthal-
moscopes, etc.).

The various methods of synthesizing of polysulfones have been de-
vised by Russian and abroad scientists within the last 10–15 years.

The bisphenylolpropane (Diane), 4,4′-dioxybisphenylsulfone, 4,4′-di-
oxybisphenyl, phenolphthalein, hydroquinone, 4,4′dioxyphenylsulfonyl-
bisphenyl are used as initial monomers for the synthesis of aromatic poly-
sulfones. The polycondensation is carried out at temperatures 160–320 °C 
with dimethylsulfoxide, dimethylacetamide, N-methylpirrolydone, di-
methylsulfone and bisphenylsulfone being used as solvents [171–174].

The Japanese researchers report [175–179] on the syntheses of aromat-
ic polysulfones via the method of polycondensation in the environment of 
polar dissolvent (dimethylformamide, dimethylacetamide, and dimethyl-
sulfoxide) at 60–400 °C in the presence of alkali metal carbonates within 
10 min to 100 h. The synthesized thermoplastic polysulfones possess good 
melt fl uidity [175].

The durable thermo-stable polysulfones of high melt fl uidity can be ob-
tained by means of polycondensation of the mix of phenols of 1,3-bis(4-hy-
droxy-1-isopropylidenephenyl and bisphenol A with 4,4′-dichlordimethylsul-
fone in the presence of anhydrous potassium carbonate in the environment 
of dimethylformamide at temperature 166 °C. The solution of the polymer is 
condensed in MeOH, washed by water and dried out at 150 °C in vacuum. 
The polysulfone has ηlimit = 0.5 deciliter/gram (1% solution in dimethylfor-
mamide at 25°С) [176].

The aromatic polysulfones with the degree of crystallinity of 36% can be 
synthesized [179] with help of reaction of 2,2-bis(4-hydroxy-4-tret-butylphe-
nyl) propane with 4,4′-dichlorbisphenylsulfone in the presence of potassium 
carbonate in the environment of polar solvent 1,3-dimethyl-2-imidasolidi-
none in current nitrogen at temperatures 130–200 °C. After separation and 
purifi cation polymer has ηlimit = 0.5 deciliter/gram.

The possibility to use the synthesized aromatic polysulfone as antipy-
renes of textile materials was shown in [180].
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The production of polysulfones was shown to be possible in [181] by 
means of interaction of sulfuric acid, sulfur trioxide or their mixes with 
aromatic compounds (naphthalene, methylnaphthalene, methoxynaphtha-
lene, dibenzyl ester, bisphenylcarbonate, bisphenyl, stilbene) if one used 
the anhydride of carbonic acid at 30–200 °C as the process activator. Ob-
tained polymers could be reprocesses by means of pressing.

The synthesis of polyarylenesulfones containing links of 1,3,5-triphe-
nylbenzene can be performed [182] by oxidation of polyarylene thioesters. 
Obtained polyarylenesulfones have Tglass = 265–329 °C and temperature 
of 5% loss of weight of 478–535 °C. They are well soluble in organic sol-
vents and possess fl uorescent properties.

To produce the polysulfone with alyphatic main chain, the interaction of 
SO2-group of vinyl-aromatic compound (for example of sterol) with non-
saturated compound (for instance of acrylonitrile) or cyclic olefi n (such as 
1, 5-cyclooctadiene) has been provided [183] in the presence of initiator of 
the radical polymerization in bulk or melt, the reaction being carried out at 
temperatures from 80 to 150 °C.

The method of acceptor-catalyst polyetherifi cation can be used to 
produce [184, 185] thermo-reactive polyarylenesulfones on the basis of 
nonsaturated 4,4′-dioxy-3,3′-diallylbisphenyl-2,2′-propane and various 
chlor- and sulfo- containing monomers and oligomers. The set of physic-
mechanical properties of polymers obtained allows one to propose them 
as constructional polymers, sealing coatings, fi lm materials capable of op-
erating under the infl uence of aggressive environments and high tempera-
tures.

Relatively few papers are devoted to the synthesis and study of poly-
condensational block-copolyesters. At the same time this area represents, 
undoubtedly, scientifi c and practical interest. The number of papers [186–
190] deals with the problem of synthesis and study of physic-chemical 
properties of polysulfones of block constitution.

For example, it is reported in [186] on the synthesis of block-copolyes-
ters and their properties in dependence on the composition and structure of 
oligoesters. The oligoesters used were oligoformals on the basis of Diane 
with the degree of condensation 10 and oligosulfones on the basis of phe-
nolphthalein with the degree of condensation 10. The synthesis has been 
performed in conditions of acceptor-catalyst polycondensation.

The polysulfone possesses properties of constructional material: high 
solidity, high thermo-oxidation stability.
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However, the defi ciency of polysulfonic material is the high viscosity 
of its melt what results in huge energy expenses at processing. One can 
decrease the viscosity if, for example, “sews” together polysulfonic blocks 
with liquid-crystal nematic structures which usually have lower values of 
viscosity. To produce the block-copolymer, the fl exible block of polysul-
fone and rigid polyester block (with liquid-crystal properties) were used in 
Ref. [187]. The polysulfonic block was used as already ready oligomer of 
known molecular weight with edge functional groups.

Polyester block represented the product of polycondensation of phen-
ylhydroquinone and terephthaloylchloride.

The synthesis of block-copolymer went in two stages. At fi rst, the poly-
ester block of required molecular weight was produced while on the second 
stage that block (without separation) reacted to the polysulfonic block. The 
synthesis was carried out by the method of high-temperature polycondensa-
tion in the solution at 250 °C in environment of α-chlornaphthalene. The 
duration of the fi rst stage was 1.5 hour, and second stage was 1 hour. Ob-
tained polymers exhibited liquid-crystal properties.

The block-copolymers of polysulfone and polyesters can be also pro-
duced [188] by the reaction of aromatic polysulfones in environment of 
dipolar aprotone dissolvents (dimethylsulfoxide, N-methylpirrolydone, 
N-methylcaprolactam, N, N{}-dimethylacetamides or their mixes) with 
alyphatic polyesters containing not less than two edge OH-groups in the 
presence of basic catalyst – carbonates of alkali metals: Li, Na, K.

Polysulfone is thermo-mechanical and chemically durable thermoplast. 
But in solution, which is catalyzed by alkali, it becomes sensitive to nucleoph-
ylic replacements. In polar aprotone dissolvents at temperatures above 150 °C 
in the presence of spirit solution of K2CO3 it decomposes into the bisphenol 
A and diarylsulfonic simple esters. The analogous hydrolysis in watery solu-
tion of K2CO3 goes until phenol products of decomposition. This reaction 
is of preparative interest for the synthesis of segmented block-copolyester 
simple polyester – polysulfone. The transetherifi cation of polysulfone, being 
catalyzed by alkali, results, with exclusion of bisphenol A and introduction 
segments of simple ester, in formation of segmented block-copolymer [189].

The Ref. [190–199] are devoted to the problem of synthesis of sta-
tistical copolymers of polysulfones, production of mixes on the basis of 
polysulfones and study of their properties as well to the mechanism of 
copolymerization.
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The graft copolymer products, poly (met)acrylates branched to polyes-
tersulfones, can be produced next way [200]. Firstly, the polyestersulfone is 
being chlormethylenized by monochlordimethyl ester. The product is used as 
macrostarter for the graft radical polymerization of methylmethacrylate (I), 
methylacrylate (II) and butylacrylate (III) in dimethylformamide according to 
the mechanism of transferring of atoms under the infl uence of the catalytical 
system FeCl2/isophthalic acid. The branched copolymer with I has only 
one glassing temperature while copolymer with II and III has three.

Lately, several papers on the synthesis of liquid-crystal polysulfones 
and on the production of mixes and melts of polysulfones with liquid-
crystal polymers have appeared [201–205].

For example, the polysulfone “Udel” can be modifi ed [201] by means 
of introduction of chlormethyl groups. Then the reaction of transquar-
ternization of chlormethylized polysulfone and obtained nitromethylene 
dimesogens is conducted. The dimesogens contain one phenol OH-group 
and form nematic mesophase in liquid state. Obtained such a way liquid-
crystal polysulfones, having lateral rigid dimesogenic links possess the 
structure of enantiotropic nematic mesophase fragments.

The Ref. [202] reports on the synthesis of liquid-crystal polysulfone 
with mesogenic link cholesterylpentoatesulfone.

The effect of compatibility, morphology, rheology, mechanical proper-
ties of mixes of polysulfones and liquid-crystal polymers are studied in 
Refs. [203–205]. There are several contributions on the methods of syn-
thesizing of copolymers of polysulfones and polyesterketones and on the 
production of mixes [206–210]. The method for the synthesis of aromatic 
copolyestersulfoneketones proposed in Ref. [206] allows one to decrease 
the number of components used, to lower the demands to the concentration 
of moist in them and to increase the safety of the process. The method is 
in the interaction without aseotropoformer in environment of dimethylsul-
fone of bisphenols, dihaloydarylenesulfones and (or) dihaloydarylenek-
etones and alkali agents in the shape of crystallohydrated of alkali metal 
carbonated and bicarbonates. All components used are applicable without 
preliminary drying.

The novel polyarylenestersulfoneketone containing from the cyclohexane 
and phthalasynone fragments is produced via the reaction of nucleophylic 
replacement of 1-methyl-4, 5-bis (4-chlorbenzoyl) cyclohexane, 4, 4′-dichlor-
bisphenylsulfone and 4-(3, 5-dimethyl-4-hydroxyphenyl)-2,3 phthalasine-
1-one. The polymer is described by means of IR-spectroscopy with 
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Fourier-transformation, 1Н nuclear magnetic resonance, differential scan-
ning calorimetry and diffraction of X-rays. It is shown that the polymer 
is amorphous and has high glassing temperature (200 °C) it is soluble in 
several dissolvents at room temperature. The by-products are the “sewn” 
and graft copolymers [207].

The block copolymers of low-molecular polyesterketoneketone and 
4,4′{}-bisphenoxybisphenylsulfone (I) can be produced [208] by the reac-
tion of polycondensation. The glassing temperatures increase and melting 
points lower of copolymers if the concentration of (I) increases. Block 
copolymers, containing 32.63–40.7% of (I) have glassing temperature and 
melting point 185–193 and 322–346°С, respectively; the durability and 
modulus in tension are 86.6–84.2 MPa and 3.1–3.4 GPa, respectively; 
tensile elongation reaches 18.5–20.3%. Block-copolymers possess good 
thermal properties and reprocessibility in melt.

The analysis of literature data and patent investigation has revealed 
that the production of such copolymers as polyestersulfoneketones, liquid-
crystal polyestersulfones as well as the preparation of the mixes and melts 
of polysulfones with liquid-crystal polyesters of certain new properties are 
of great importance.

With the account for the upper-mentioned, we have synthesized poly-
estersulfones on the basis of oligosulfones and terephthaloyl-bis (n-oxy-
benzoic) acid [174, 186, 434] and polyestersulfoneketones on the basis of 
aromatic oligosulfoneketones, mixes of oligosulfones with oligoketones 
of various constitution and degree of polycondensation and different acid-
ic compounds [211, 212, 435].

7.6 AROMATIC POLYSULFONES

The stormy production development of polymers, containing aromatic cy-
cles like, for example, the polyarylenesterketones has happened within the 
past decades. The polyarylenesterketones represent the family of polymers 
in which phenylene rings are connected by the oxygen bridges (simple 
ester) and carbonic groups (ketones). The polyarylenesterketones include 
polyesterketone, polyesteresterketone and others distinguishing in the se-
quence of elements and ratio E/K (of ester groups to ketone ones). This 
ratio influences on the glassing temperature and melting point: the higher 
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content of ketones increases both temperatures and worsens reprocessibil-
ity [213].

The elementary units of polyesteresterketones contain two simple ester 
and one ketone groups, while those of polyesterketone only one ester and 
one ketone [214].

Polyesteresterketone is partially crystalline polymer the thermo-stabil-
ity of which depends on glassing temperature (amorphosity) and melting 
point (crystallinity) and increases with immobilization of macromolecules. 
The strong valence bonds defi ne the high thermo-stability and longevity of 
mechanical and electrical properties at elevated temperature.

The polyesterketone labeled “VictrexR” was fi rstly synthesized in 
Great Britain by company “Imperial Chemical Industries” in 1977. The 
industrial manufacture of polyesteresterketones started in 1980 in Western 
Europe and USA and in 1982 in Japan [215].

The polyesteresterketone became the subject of extensive study from 
the moment of appearance in industry. The polyesteresterketone possesses 
the highest melting point among the other high-temperature thermoplasts 
(335 °C) and can be distinguished by its highly durable and fl exible chem-
ical structure. The latter consists of phenylene rings, consecutively joined 
by para-links to ester, ester and carboxylic groups. There is a lot of infor-
mation available now on the structure and properties of polyesteresterk-
etones [216, 217].

The polyesteresterketone is specially designed material meeting the 
stringent requirements from the point of view of heat resistance, infl am-
mability, products combustions and chemical resistance [218, 219]. “Vic-
trexR” owns the unique combination of properties: thermal characteristics 
and combustion parameters quite unusual for thermoplastic materials, 
high stability to effect of different dissolvents and other fl uids [220, 221].

The polyesteresterketone can be of two types: simple (unarmored) and 
reinforced (armored) by glass. Usually both types are opaque though they 
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can become transparent after treatment at certain conditions. This hap-
pens due to the reversible change of material’s crystallinity, which can be 
recovered by tempering. The limited number of tinges of polyesteresterk-
etones has been produced for those areas of industry where color articles 
are used.

The structure crystallinity endows polyesteresterketones by such ad-
vantages as

• stability to organic solvents, 
• stability to dynamical fatigue, 
• improved thermal stability when armoring with glass, 
• ability to form plasticity at short-term thermal aging, 
• orientation results in high strength fibers.
“VictrexR” loses its properties as elasticity and solidity moduli with 

increasing temperature, but the range of working temperatures of polyes-
teresterketones is wider in short-term process (like purifi cation) than that 
of other thermoplastic materials. It can be exploited at 300 °C or higher. 
The presumable stint at 250 °C is more than 50,000 hours for the given 
polyesteresterketone. If one compares the mechanical properties of poly-
esteresterketone, polyestersulfone, nylon and polypropylene then he fi nds 
that the fi rst is the most resistant to wear and to dynamic fatigue. The 
change of mechanical characteristics was studied in dependence of sorp-
tion of СН2ССl2.

Polyesteresterketones, similar to any other thermoplastics, is isolation 
material. It is hard-burnt and forms few smoke and toxic odds in combus-
tion, the demand in such materials arises with all big hardening require-
ments to accident prevention.

If one compares the smoke-formation in combustion of 2–3 mm of 
samples from ABC-plastics, polyvinylchloride, polystyrene, polycarbon-
ate, polytetrafl uorethylene, phenolformaldehyde resin, polyestersulfone, 
polyesteresterketone then it occurs that the least smoke is released by 
polyesteresterketone, while the greatest amount of smoke is produced by 
ABC-plastic.

“VictrexR” exhibits good resistance to water reagents and pH-factor 
of different materials starting with 60% sulfuric acid and 50% potassium 
hydroxide. The polyesteresterketone dissolves only in proton substances 
(such as concentrated sulfuric acid) or at the temperature close to its melt-
ing point. Only α-chlornaphthalene (boiling point 260 °C) and benzophe-
none infl uence on “VictrexR” among organic dissolvents.
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The data on the solubility have revealed that two classes of polyester-
esterketones coexist: “amorphous” and crystalline [222].

The division of these polymers into two mentioned classes is justifi ed 
only by that the last class, independent of condensation method, crystal-
lizes so fast in conditions of synthesis that the fi ltering of combustible 
solution is not possible. It may be concluded from results obtained that 
“amorphous” class of polyesteresterketones is characterized by bisphe-
nols, which have hybridized sp3-atom between phenyl groups.

From the point of view of short-term thermal stability the polyester-
esterketones do not yield most steady materials polyestersulfones destruc-
tion of which is 1% at 430 °C. Yet and still their long-term stability to UV 
– light, oxygen and heat must be low due to ketone-group [222].

The infl uence of environment on polyesteresterketones is not under-
stood in detail, but it has proven that polyesteresterketone fully keeps all 
its properties within 1 year. Polyesteresterketones exhibit very good sta-
bility to X-ray, β- and γ- radiations. Wire samples densely covered with 
polyesteresterketones bear the radiation 110 Mrad without essential de-
struction.

The destroying tensile stress of polyesteresterketone is almost nil at 
exposure to air during 100 hours at 270 °C. At the same time the fl ex 
modulus at glassing temperature of 113 °C falls off precipitously, however 
remains suffi ciently high compared to that of other thermoplasts.

When placed into hot water (80 °C) for 800 hours the tensile stress and 
the permanent strain after rupture of polyesteresterketones decreases neg-
ligibly. The polyesteresterketone overcomes all the other thermoplasts on 
stability to steam action. The articles from polyesteresterketone can stand 
short exposure to steam at 300 °C.

On fi re-resistance this polymer is related to hard-to-burn materials.
The chemical stability of polyesteresterketone “VictrexR” is about the 

same as of polytetrafl uorethylene while its long-term strength and impact 
toughness are essentially higher than those or nylon А-10 [223].

The manufacture of the polyesteresterketones in Japan is organized 
by companies “Mitsui Toatsu Chem” under the labels “Talpa-2000”, “ICI 
Japan,” “Sumitoma Kogaku Koge.” The Japanese polyesteresterketones 
have glassing temperature 143 °C and melting point 334 °C [224, 225].

The consumption of polyesteresterketones in Japan in 1984 was 20tons, 
1 kilogram cost 17000Ian. The total consumption of polyestersulfones and 
polyesteresterketones in Japan in 1990 was 450–500 tons per year [226].
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Today, 35% of polyesteresterketones produced in Japan (of general 
formula [−ОС6Н4−О−С6Н4−СО−С6Н4−]n) are used in electronics and 
electrotechnique, 25% in aviation and aerospace technologies, 10% in car 
manufacture, 15% in chemical industry as well as in the fi elds of everyday 
life, for example at producing the buckets for hot water, operating under 
pressure and temperature up to 300 °C. The Japanese industrial labels of 
polyesteresterketones have good physical-mechanical characteristics: the 
high impact toughness; the heat resistance (152 °C, and 286 °C with in-
troduction of 20% of glass fi ber); the chemical resistance (bear the infl u-
ence of acids and alkalis, different chemicals and medicines), the tolerance 
for radiation action; the elasticity modulus 250–300 kg/mm2; the rigid-
ity; the lengthening of 100%; the negligible quantity of smoke produced. 
The polyesteresterketone can be reprocessed by die casting at 300–380 °C 
(1000–1400 kg/cm2), extrusion, formation and others methods [224]. High 
physical-mechanical properties remain the dame for the long time and de-
crease on 50% only after 10 years.

The polymer is expensive. One of the ways for reducing the product 
price is compounding. The company “Kogaku Sumitoma” created com-
pounds “Sumiploy K” on the basis of polyesteresterketones by their origi-
nal technology. The series “Sumiploy K” includes the polymers with high 
strength and of improved wear resistance. The series “Sumiploy SK” is 
based on the polyesteresterketone alloyed with other polymers [224]. The 
series includes polymers, the articles of which can be easily taken out from 
the form, and products are of improved wear resistance, increased high 
strength, good antistatic properties, can be easily metalized.

The company “Hoechst” (Germany) produces unreinforced poly-
esteresterketones “Hoechst X915,” armored with 30 wt% of glass fi ber 
(X925) and carbon fi ber (X935), which are characterized by the good 
physical-mechanical properties (Table 7.4). The unreinforced polymer 
has the density almost constant till glassing temperature (about 160 °C). 
The reinforcing with fi bers permits further to increase the heat resistance 
of polyesteresterketone. At the moment the polyesteresterketones labeled 
“Hostatec” are being produced with 10, 20 and 30 wt.% of glass and car-
bon fi bers. Several labels of polyesteresterketones are under development 
which involve mineral fi llers, are not reinforced and contain 30 wt.% of 
glass and carbon fi bers.

The constructional thermoplast “Hostatec” dominates polyoxymeth-
ylene, polyamide and complex polyesters on many parameters.
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The polyesteresterketones can be easily processed by pressing, die cast 
and extrusion. They can be repeatedly crushed to powder for secondary 
utilization. They are mainly used as constructional materials but also can 
be used as electroinsulation covers operating at temperatures of 200 °C 
and higher for a long time [225].

TABLE 7.4 Physic-Mechanical Properties of Polyesteresterketones of Company 
“Hoechst”

Property Unreinforced Containing 30 weight %

Glass fiber Carbon fiber

Density, g/cm3 1.3 1.55 1.45

Linear shrinkage, % 1.5 0.5 0.1

Tensile strength, N/mm2 86 168 218

Breaking elongation, % 3.6 2.2 2.0

Modulus in tension, kN/mm2 4 13.5 22.5

Impact toughness notched, J/m 51 71 60

Heat resistance, °С 160 Above 320 320

The polyesteresterketone found application in household goods (in this 
case its high heat resistance and impact toughness are being used), in lor-
ries (joint washers, bearings, probes bodies, coils and other details, con-
tacting fuel, lubricant and cooling fl uid).

The big attention to polyesteresterketones is paid in aircraft and space 
industries. The requirements to fi re-resistance of plastics used in crafts 
have become stricter within the last years. Unreinforced polyesteresterk-
etones satisfy these demands having the fi re-resistance category U–О on 
UL 94 at thickness 0.8 mm. In addition, this polymer releases few smoke 
and toxic substances in combustion (is used in a subway). The polyes-
teresterketone is used for coating of wires and cables, used in details of 
aerospace facility (the low infl ammability, the excellent permeability and 
the wear stability), in military facility, ship building, on nuclear power 
plants (resists the radiation of about 1000 Mrad and temperature of water 
steam 185 °C), in oil wells (pillar stand to the action of water under pres-
sure, at a temperature of 288 °C), in electrical engineering and electronics. 
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Polyesteresterketone offer properties of thermoreactive resin, can be eas-
ily pressed, undergoes overtone, and resists the infl uence of alkalis.

Since January 1990, the Federal aviation authority have adopted the 
developed at Ohio State University method, in which the heat radiation 
(HR) and the rate of heat release (RHR) are determined. The standard 
regulates the HR level at 65 kJ. Many aircraft materials do not face this de-
mand: for example, the ternary copolymer of acrylonitrile, butadiene and 
styrene resin, the polycarbonate, phenol and epoxide resins. It is foreseen 
to substitute these materials by such polymers, which meet these require-
ments. The measurements in combustion chamber of Ohio State Univer-
sity indicated that polyesteresterketone fulfi lls this standard.

The heightened activity in creating and evaluation of composite prop-
erties on the basis of polyesteresterketones occurs recent years [228]. The 
thermoplastic composites have the number of advantages regarding the 
plasticity, maintainability and ability for secondary utilization compared 
to epoxy composites. These polymers are intended to be applied in alle-
viated support elements. In the area of cable insulation, polyesteresterk-
etones can be reasonably used when thermo-stability combined with fi re-
resistance without using of halogen antipyrenes where is desired.

The “Hostatec” has low water absorption. Dielectric properties of fi lms 
from polyesteresterketone “Hostatec” are high. This amorphous polymer 
has the electric inductivity 3, 6, loss factor 10–3 and the specifi c volume 
resistance 1017 Ohm  cm, these values remain still up to 60 °C.

Growth of demand for polyesteresterketones is very intense. In con-
nection with growing demands on heat resistance and stability to various 
external factors the polyesteresterketones fi nd broader distribution. The 
cost of one kilogram of such polymer is 5–20 times larger than the cost 
of usual constructional polymers (polycarbonates, polyamides, and poly-
formaldehydes). But, despite the high prices the polyesteresterketones and 
compositions on their basis, owing to the high level of consumer charac-
teristics, fi nd more and more applications in all industries. The growth of 
production volumes is observed every year.

It is known, that the paces of annual growth of polyesteresterketones 
consumption were about 25% before 1995, and its global consumption 
in 1995 was 4000 tons. The polyesteresterketone do not cause ecological 
problems and is amenable to secondary processing.

In connection with big perceptiveness of polyarylesterketones, the ex-
amining of the most popular methods for their production was of interest. 
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The literature data analysis shows that the synthesis of aromatic polyes-
terketones can be done by the acylation on Friedel-Crafts reaction or by 
reaction of nucleophylic substitution of activated dihalogen-containing 
aromatic compounds and bisphenolates of alkali metals [224, 229].

In the majority cases, the polyesterketones and polyesteresterketones 
are produced by means of polycondensation interaction of bisphenols 
with 4,4′-dihalogen-substituted derivatives of benzophenone [230–263], 
generally it is 4,4′-difl uoro-or dichlorbisphenylketone. The introduction 
of replacers into the benzene ring of initial monomer raises the solubil-
ity of polyesterketones and polyesteresterketones. So, polyesterketone on 
the basis of 3,3′,5,5′-tetramethylene and 4,4′-difl uorobenzophenone is dis-
solved at 25 °C [211–214] in dimethylsulfoxide, the reduced viscosity of 
melt with concentration 0.5 gram/deciliter is 0.79 deciliter/gram.

The polyesterketone based on 4, 4′-dioxybenzophenone and dichlor-
methylenized benzene derivatives is soluble in chloroform and dichloroeth-
ane [264]. The logarithmic solution viscosity of polyesterketone obtained 
on the basis of 4,4′-dioxybisphenylsulfone and 4,4′-dichlorbenzophenone 
in tetrachloroethane of concentration 0.5 gram/deciliter is 0.486; the fi lm 
materials from this polyester (of thickness 1 mm) are characterized by the 
high light transmission (86%) and keep perfect solubility and initial vis-
cosity after exposure to 320 °C during 2hours.

The high-boiling polar organic solvents dimethylsulfoxide, sulfolane, 
dimethylsulfone, dimethylformamide, dimethylacetamide are generally 
used for synthesizing the polyesterketones and polyesteresterketones by 
means of polycondensation; in this case the reaction catalysts are the an-
hydrous hydroxides, carbonates, fl uorides and hydrides of alkali metals. 
The polymers synthesis is recommended to be carried out in inert gas at-
mosphere at temperatures 50–450 °C. If catalysts used are the salts of car-
bonic or hydrofl uoric acids then oligomers appear. Chain length regulators 
when producing polyesterketones based on difl uoro-or dichlorbenzophe-
none and bisphenolates of alkali metals and dihydroxynaphthalenes can be 
the monatomic phenols [251–253].

The synthesis of polyesterketones and polyesteresterketones accord-
ing to the Friedel-Crafts reaction is lead in mild conditions [265–283]. 
So, solidifying thermo-stable aromatic polesterketonesulfones, applied as 
binding agents when laminating, can be produced [278] in the presence of 
aluminum chloride by the interaction of 1,4-di(4-benzoylchloride)butadi-
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ene-1,3-dichloranhydrides of iso- and terephthalic acids, bisphenyl oxide 
and 4,4′-bisphenoxybisphenylsulfone.

The aromatic polyesterketones and their thioanalogs are synthesized 
[266–281, 284] with help of polycondensation of substituted and not-sub-
stituted aromatic esters and thioesters with choric anhydrides of dicarbox-
ylic acids in environment of aprotone dissolvents at temperatures from 
−10 till 100 °C in the presence of Lewis acids and bases.

The aromatic polyesterketones and polyesterketonesulfonamides 
based on 4,4′-dichloranhydride of bisphenyloxidebicarbonic acid and 
4-phenoxybenzoylchloride can be produced by means of Friedel-Crafts 
polycondensation in the presence of AlCl3 [270]. The reduced viscos-
ity of the solution in sulfuric acid of concentration 0.5 gram/deciliter is 
0.07–1.98 deciliter/gram. The Friedel-Crafts reaction can also be applied 
to synthesize the copolyesterketones from bisphenyl ester and aromatic 
dicarboxylic acids or their halogenanhydrides [274]. The molecular mass 
of polymers, assessed on the parameter of melt fl uidity, peaks when bi-
sphenyl ester is used in abundant amount (2–8%).

The polyarylesterketones can be produced by means of interaction 
between bisphenylsulfi de, dibenzofurane and bisphenyloxide with mono-
mers of electrophylic nature (phosgene, terephthaloylchloride) or using 
homopolycondensation of 4-phenoxybenzoylchloride and 4-phenoxy-
4-chlorcarbonyl-bisphenyl in the presence of dichloroethane at 25 °C 
[282–285]. Aromatic polyesterketones form after the polycondensation of 
4-phenoxybenzoylchloride with chloranhydrides of tere- and isophthalic 
acids, 4,4′ dicarboxybisphenyloxide in the environment of nitrobenzene, 
methylchloride and dichloroethane at temperatures from 70 till 40 °C dur-
ing 16–26 h according Friedel-Crafts reaction.

The synthesis of polyesterketones based on aromatic ether acids is pos-
sible in the environment of trifl uoromethanesulfonic acid [249, 287]. The 
data of 13С nuclear magnetic resonance has revealed [249] that such poly-
esterketone comprise only the n-substituted benzene rings. When using 
the N-cyclohexyl-2-pyrrolidone as a solvent when synthesizing polyphen-
ylenesterketones and polyphenylenethioesterketones the speed of poly-
condensation and the molecular mass of polymers [288] increase.

So, the polymer is produced, the reduced viscosity of 0.5% solution 
of which in sulfuric acid is 1.0 deciliter/gram, after the interaction of 
4,4′-difl uorobenzophenone and hydroquinone at 290 °C in the presence of 
potassium carbonate during 1 hour. Almost the same results are obtained 
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when synthesizing polyphenylenethioesterketones. However, the applica-
tion of the mix bisphenylsulfone/sulfolane as a solvent during the inter-
action of 4,4′ difl uorobenzophenone with sodium sulfi de within 2–13 h 
provides for the production of polymer with reduced viscosity 0.23–0.25 
deciliter/gram. The high-molecular polyarylenesulfi deketones, suitable for 
the preparation of fi lms, fi bers and composite materials are formed during 
the interaction of 4,4′ dihalogenbenzophenone with sodium hydrosulfi de 
in solution (N-methylpirrolydone) at 175–350 °C within 1–72 h [289].

For the purpose of improving physical-mechanical properties and 
increasing the reprocessibility of polyesterketones and polyesteresterk-
etones their sulfonation by liquid oxide of hexavalent sulfur in environ-
ment of dichloroethane has been carried out [290]. In this case the polymer 
destruction does not happen, which is observed at sulfonation by concen-
trated sulfuric or chlorosulfonic acid. The abiding fl exible fi lm materials 
can be produced from sulfonated materials using the method of casting. 
The aromatic polyesterketones could also be produced by oxidative di-
hydropolycondensation (according to the Scolla reaction) of 4,4′-bis-(1-
naphthoxy)-benzophenone at 20 °C in the presence of trivalent iron 
chloride in environment of nitrobenzene [291]. The mix of pentavalent 
phosphorus oxide and methylphosphonic acid in ratio 1:10 can be used as 
a solvent and dehydrate agent [292, 293] when synthesizing the aromatic 
polyesterketones on the basis of bisphenylester of hydroquinone, 4,4′-bi-
sphenyloxybicarbonic acid, 1,4-bis(m-carboxyphenoxy) benzene, and also 
for homopolycondensation of 3- or 4-phenoxybenzoic acid at 80–140 °C.

The sulfur-containing analogs of polyesterketones, that is, polythioes-
terketones and copolythioesterketones can be synthesized [294–303] by 
polycondensation of dihalogenbenzophenols with hydrothiophenol or oth-
er bifunctional sulfur-involving compounds, and also of their mixes with 
different bisphenols in environment of polar organic solvents. As in case 
of polyesterketones, the synthesis of their thioanalogs is recommended 
to be carried to out in inert medium at temperatures below 400 °C in the 
presence of catalyst (hydroxides, carbonates and hydrocarbonates of alkali 
metals).

The aromatic polyesterketones can also be produced by polyconden-
sation or homopolycondensation of compounds like halogen-containing 
arylketonephenols and arylenedihalogenides of different functionality at 
elevated temperature and when the salts of alkali and alkali-earth metals in 
environments of high-boiling polar organic solvents are used as catalysts 
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[222, 304–312]. The 4-halogen-3-phenyl-4-hydroxybenzophenone, 4-(n-
haloidbenzoyl)-2, 6-dinethylphenol and others belong to monomers with 
mixed functional groups.

The polycondensation process when synthesizing polyesterketones 
and polyesteresterketones can be performed in the melt [223, 313–317] 
too. So, it is possible to produce the aromatic polyesterketones by means 
of interaction in melt of 4,4′ difl uorobenzophenone with trimethylsilox-
ane esters of bisphenols with different bridged groups in the presence of 
catalyst (cesium fl uoride – 0.1% from total weight of both monomers) 
at 220–270 °C [318]. The monomers do not enter the reaction without 
catalyst at temperatures below 350 °C. The reduced viscosity of 2% solu-
tion of polymer in tetrachloroethane at 30 °C is 0.13–1.13 deciliter/gram, 
the molecular weight 3200–60,000, glassing temperature is 151–186 °C, 
melting point is 240–420 °C. According to the data of thermogravimetric 
analysis in the air the mass loss of polymer is less than 10%, when temper-
ature elevates from 422 °C to 544 °C with the rate 8 degrees per minute.

To increase the basic physical-mechanical characteristics and repro-
cessibility (the solubility, in particular), the polyesterketones and polyes-
teresterketones are synthesized [319–329] through the stage of formation 
of oligomers with end functional groups accompanied with the consequent 
production of block-copolyesterketones or by means of one-go-copoly-
condensation of initial monomers with production of copolyesterketones.

The polyesteresterketones, their copolymers and mixes are used for 
casting of thermally loaded parts of moving transport, instrument, ma-
chines, and planes. They are used in articles of space equipment: for ca-
ble insulation, facings (pouring) elements. For instance, the illuminators 
frames of planes and rings for high-frequency cable are made of poly-
esterketone “Ultrapek.” It is widely used in electronics, electrician, for 
extrusion of tubes and pipes operating in aggressive media and at low 
temperatures. The polyesteresterketones and polyesterketones are used 
for multilayer coating as the basis of printed planes. The conservation of 
mechanical strength in conditions of high humidity and temperature, the 
stability to radiation forwards their application to aerospace engineering.

The compositions on the basis of polyesteresterketones already com-
pete with those based on thermoreactive resins when making parts of mili-
tary and civilian aircrafts. Sometimes it is possible to cut the weight on 
30% if produce separate parts of plane engines from reinforced polyester-
esterketones.
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It is proposed to use the polyesteresterketones in the manufacture of 
fi ngers of control rod and cams of brake system, motors buttons in car 
industry. The piston cap of automobile engine, made from polyesterester-
ketone “Victrex,” went through 1300 h of on-the-road tests.

The advantage of using this material, contrary to steel, lays in wearout 
decrease, noise reduction, 40% weight reduction of the article. The impor-
tant area of application of polyesteresterketones can be the production of 
bearings and backings. The polyesteresterketones are recommended to be 
used for piece making of drilling equipment (zero and supporting mantles) 
and timber technique, in different joining’s of electric equipment of nu-
clear reactors, layers and valves coverings, components of sports facility.

The fi bers of diameter 0.4 mm (from which the fabric is weaved in 
shape of tapes and belts used in industrial processes where the temper-
ature-resistant, the high-speed conveyers are needed) are produced from 
polyesteresterketone melt at temperatures of 350–390 °C. The fabric from 
polyesteresterketone or polyesterketone keeps 90% of the tensile strength 
after thermal treatment at 260 °C, does not change its properties after 
steaming at 126 °C for 72 h under the load, and resists alkalis action with 
marginal change. The medical instruments, analytical, dialysis devices, 
endoscopes, surgical and dental tools, containers made of polyarylesterk-
etones can be sterilized by steam and irradiation [330].

The manifold methods of synthesizing polyarylenesterketones have 
been devised by Russian and foreign scientists within the last 20 years.

For example, the method for production of aromatic polyketones by 
means of Friedel-Craft polycondensation of bis (arylsilanes) with chlo-
rides of aromatic dicarboxylic acids (isophthaloyl-,terephthaloyl-,4,4{}-
oxydibenzoylchloride) at 20 °C in environment of dissolvent (1,2-dichlor-
ethane) in the presence of aluminum chloride is proposed in Ref. [331]. 
The polyketones have the intrinsic viscosity more than 0.37 deciliter/gram 
(at 30 °C, in concentrated H2SO4), glass transition temperature is 120–
231 °C and melting point lies within 246–367 °C. The polyketones start 
decomposing at a temperature of 400 °C, the temperature of 10% loss of 
mass is 480–530 °C.

It is possible to produce polyketones by the reaction of aromatic di-
carboxylic acid and aromatic compound containing two reactive groups 
[332]. The reaction is catalyzed by the mix of phosphoric acid and car-
boxylic acid anhydride having the formula of RC(O)O(O)CR (R stands 
for not-substituted or substituted alkyl, in which one, several or all hydro-
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gen atoms were replaced by functional groups and each R has the Gamet 
constant σm ≥ 0.2). The pressed articles can be created from synthesized 
polyketones.

The aromatic polyketones can be synthesized [333] when conducting 
the Friedel-Craft polymerization with acylation by means of the interac-
tion of 2,2{} bis (arylphenoxy) bisphenyls with chlorides of arylenebicar-
bonic acids in the presence of AlCl3. The polyketones obtained using the 
most effi cient 2,2{} bis (4-bezoylphenoxy) bisphenyl are well soluble in 
organic solvents and possess high heat resistance.

Also, the aromatic polyketones are produced [334] by the reaction of 
electrophylic substitution (in dispersion) of copolymer of aliphatic vinyl 
compound (1-acosen) with N-vinylpirrolydone, at ratio of their links close 
to equimolar.

The other method of synthesizing aromatic polyketones includes the 
interaction of monomer of formula [HC (CN) (NR2)] Ar with 4,4′ difl u-
orobisphenylsulfone in dimethylsulfoxide, dimethylformamide or N-
methylpirrolydone at 78–250 °C in the presence of the base [335]. The 
soluble polyaminonitrile of formula [C (CN) (NR2) ArC (CN) (NR2) C6H-
4SO2C6H4]n is thus produced (Ar denotes m-C6H4; NR2 stands for group 
-NCN2CH2OCH2CH2). When acid hydrolysis of polyaminonitrile is car-
ried out the polysulfoneketone of formula [COArCOC6H4SO2C6H4]n forms 
with glassing temperature of 192 °C, melting point 257 °C and when 10% 
mass loss happens at 478 °C. The acid hydrolysis can be performed in the 
presence of n-toluenesulfoacid, trifl uoroacetic acid, and mineral acids.

The synthesis of aromatic polyketone particles has been carried out 
[336] by means of precipitation polycondensation and is carried out at 
very the low concentration of monomer [0, 05 mol/liter]. The polyketones 
are produced from bisphenoxybenzophenone (0,005 mole) or isophtha-
loylchloride (0.005 mole) in 100 milliliters of 1,2-dichloroethane. Some of 
obtained particles have highly organized the needle-shaped structure (the 
whisker crystals). The use of isophthaloyl instead of terephthaloyl at the 
same low concentration of monomer results in formation of additionally 
globular particles, the binders of strip structures gives rise. The average 
size of needle-shaped particles is 1–5 mm in width and 150–250 mm in 
length.

The synthesis of aromatic high-molecular polyketones by the low-
temperature solid-state polycondensation of 4,4′bisphenoxybenzophenone 
and isophthaloylchloride in the presence of AlCl3 in 1,2-dichlorethane is 
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possible [337]. Obtained polymers are thermoplasts with glass transition 
temperature 160 °C and melting point 382 °C.

The polyesterketones are synthesized [338] from dichlorbenzophenone 
and Na2CO3 in the presence of catalyst SiO2-Cu-salt. The polymer has 
the negligible number of branched structures and differs from polyester-
ketones synthesized on the basis of 4-hydroxy-4′-fl ourobenzophenone on 
physical properties (its pressed samples have higher crystallinity and ori-
entation).

There exist reports on syntheses of fully aromatic polyketones without 
single ester bonds [339–349].

The fully aromatic polyketones without ether bonds were produced 
[339] on the basis of polyaminonitrile, which was synthesized from anions 
of bis(aminonitrile) and 4,4′{}-difl uorobenzophenone using the sodium 
hydride in mild conditions. The acid hydrolysis of synthesized polyami-
nonitrile avails one to obtain corresponding polyketone with high thermal 
properties and tolerance for organic solvents.

They are soluble only in strong acids such as concentrated H2SO4. The 
polyketones have glassing temperature 177–198 °C. Their melting points 
and temperature of the beginning of decomposition are respectively 386–
500 °C and 493–514 °C [340].

The aromatic polyketones without ester bonds can also be produced by 
the polymerization of bis (chlorbenzoyl) dimethoxybisphenyls in the pres-
ence of nickel compounds [341]. The polymers have the high molecular 
mass, the amorphous structure, the glass transition temperature 192 °C and 
218 °C and form abiding fl exible fi lms.

The known aromatic polyketones (the most of them) dissolve in strong 
acids, or in trifl uoroacetic acid mixed with methylenechloride, or in tri-
fl uoroacetic acid mixed with chloroform.

It is known that the presence of bulk lateral groups essentially improves 
the solubility of polyketones, and also improves their thermo-stability. In 
connection to this, dichloranhydride of 3,3-bis-(4′carboxyphenyl) phtalide 
(instead of chloranhydride) was used as initial material for condensation 
with aromatic hydrocarbons [350]. According to the Friedel-Crafts reac-
tion of electrophylic substitution in variant of low-temperature precipita-
tion polycondensation the high-molecular polyarylenepthalidesterketones 
have been synthesized. Obtained polymers have greater values of intrinsic 
viscosity 1.15–1.55 deciliter/gram (in tetrachloroethane). The softening 
temperatures lie within 172–310 °C, the temperature of the beginning of 
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decomposition is 460 °C. Polyarylenepthalidesterketones dissolve in wide 
range of organic solvents, form colorless, transparent, abiding (σ = 85–
120 MPA) and elastic (ε = 80–300%) fi lms when formed from the melt.

The soluble polyketones-polyarylemethylketones can be produced 
[351] by condensation polymerization of 1, 4-dihalogenarenes and 1, 
4-diacetylbenzols in the presence of catalytical palladium complexes, base 
and phosphoric ligands. The high yield of polymer is seen when using the 
tetrahydrofurane, о-dichlorbenzole and bisphenyl ester as solvents. The 
synthesized polymers dissolve in tetrahydrofurane, dichloromethane and 
hexane has the decomposition point 357 °C (in nitrogen). It has lumines-
cent properties: emits the green light (490–507 nm) after light irradiation 
with wavelength of 380 nm.

The works [352–355] report on syntheses of carding aromatic polyk-
etones.

The ridge-like polyarylesterketones have been synthesized by means 
of one-stage polycondensation in solution of bis (4-nitrophenyl) ketone 
with phenolphthalein, о-cresolphthaleine, 2, 5, 2′5′ tetramethylphenol-
phthaleine and timolphthaleine [352]. Authors have shown that the free 
volume within the macromolecule depends on position, type and number 
of alkyl substitutes.

The homo and copolyarylenesterketones of various chemical constitu-
tion (predominantly, carding ones) have been produced by the reaction of 
nucleophylic substitution of aromatic activated dihaloid compound [353], 
and also the “model” homopoyarylenesterketones on the basis of bisphe-
nol, able to crystallize, created. The tendency to crystallization is provided 
by the combination of fragments of carding bisphenols with segments of 
hydroquinone (especially, of 4, 4′dihydroxydiphenyl) and increases with 
elongation of difl uoro-derivative (the oligomer homologues of benzophe-
none), and also in the presence of bisphenyl structure in that fragment. 
Owing to the presence of carding group, the glass transition temperature of 
copolymer reaches 250 °C, and the melting point 300–350 °C.

The crystallizing carding polyarylenesterketones, in difference from 
amorphous ones, dissolve in organic solvents very badly, they are well 
soluble in concentrated sulfuric acid at room temperature and when heat-
ing to boiling in m-cresol (precipitate on cooling) [354, 355].

There are contributions [356, 357] devoted to the methods of synthesis 
of aromatic polyketones on the basis of diarylidenecycloalkanes.
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The polyketones are produced [356] by the reaction of 2,7-dibenzyli-
denecyclopentanone (I) and dibenzylideneacetone (II) with dichlorides of 
different acids (isophthalic, 3,3{}-azodibenzoic and others) in dry chloro-
methane in the presence of AlCl3. The “model” compounds from I and II 
and benzoylchloride are also obtained. The synthesized polyketones have 
intrinsic viscosity 0.36–0.84 deciliter/gram (25 °C, H2SO4). They do not 
dissolve in most organic solvents, dissipate in H2SO4. It is determined that 
the polyketones containing the aromatic links are more stable than those 
involving aliphatic and azo group. The temperature of 10% and 50% mass 
loss is 150–250 °C and 270–540 °C for these polyketones.

The polyketones, possessing intrinsic viscosity 0.76–1.18 deciliter/
gram and badly dissolving in organic solvents, can be produced by Frie-
del-Crafts polycondensation of diarylidenecyclopentanone or diarylidene-
cyclohexanone, chlorides of aromatic or aliphatic diacids, or azodiben-
zoylchlorides. The temperature of 10% mass loss is 190–300 °C. The in 
polyketones have the absorption band at wavelength 240–350 nm in ultra-
violet spectra (visible range). [357].

The metal-containing polyketones, which do not dissolve in most of 
organic solvents and easily dissipate in proton dissolvents, have been pro-
duced by the reaction of 2,6[bis (2-ferrocenyl) methylene] cyclohexane 
with chlorides of dicarboxylic acids [358]. The intrinsic viscosity of met-
al-containing polyketones is 0.29–0.52 deciliter/gram.

The Refs. [359, 360] report on different syntheses of isomeric aro-
matic polyketones. Three isomeric aromatic polyketones, containing units 
of 2-trifl uoromethyl- and 2, 2{}-dimetoxybisphenylene were synthesized 
in [326] by means of direct electrophylic aromatic acylated polyconden-
sation of monomers. Two isomers of polyketone of structure “head-to 
tail” and “head-to head” contain the links of 2-trifrluoromethyl-4,4′{}-
bisphenylene and 2,2{}-dimethoxy-5,5{}-bisphenylene.

There exist several reports on syntheses of polyarylketones, containing 
bisphthalasinone and methylene [361, 362], naphthalene [363–367] links; 
containing sulfonic groups [368], carboxyl group in side chain [369], fl uo-
rine [370–372] and on the basis of carbon monoxide and styrol or n-sthyl-
stirol [373]. It is shown that methylene and bisphthalasinone links in main 
chain of polyketones are responsible for its good solubility in m-cresol, 
chloroform. The links of bisphthalasinone improve thermal property of 
polymer.
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The synthesis of temperature-resistant polyketone has been carried 
out in [362] by means of polycondensation of 4-(3-chlor-4-oxyphenyl)-2, 
3-phthaloasine-1-one with 4,4′-difl uorobisphenylketone.

The polymer is soluble in chloroform, N-methylpirrolydone, nitroben-
zene and tetra chloroethane, its glass transition temperature is 267 °C.

The aromatic polyketones, containing 1,4-naphthalene links were 
produced in Ref. [363] by the reaction of nucleophylic substitution of 
1-chlor-4-(4′-chlorbenzoyl)naphthalene with 1) 1,4-hydroquinone, 2) 
4,4′-isopropylidenediphenol, 3) phenolphthalein, 4) 4-(4′-hydroxyphenyl)
(2Н)-phthalasine-1-one, respectively. All polymers are amorphous and 
dissipate in some organic solvents. The polymers have good thermo-sta-
bility and the high glassing temperatures.

Fluorine containing polyarylketone was synthesized on the basis of 2, 
3, 4, 5, 6-pentafl ourbenzoylbisphenyl esters in Ref. [370]. The polymers 
possesses good mechanical and dielectric properties, has impact strength, 
solubility and tolerance for thermooxidative destruction.

The just-produced polyketones are stabilized by treating them with 
acetic acid solution of inorganic phosphate [371].

The simple fl uorine containing polyarylesterketones was obtained in 
Ref. [372] on the basis of bisphenol АF and 4, 4′difl uorobenzophenone. 
The polymer has the glass transition temperature 163 °C and temperature 
of 5% mass loss 515 °C, dielectric constant 1.69 at 1 MHz, is soluble well 
in organic solvents (tetrahydrofurane, dimethylacetamide and others).

The Refs. [374, 375] are devoted to the synthesis of polyesterketones 
with lateral methyl groups.

The polyarylenesterketones have been produced by the reaction of 
nucleophylic substitution of 4,4{}-difl uorobenzophenone with hydroqui-
none [374]. The synthesis is held in sulfolane in the presence of anhydrous 
the К2СО3. The increasing content of methylhydroquinone links in poly-
mers leads to increasing of glass transition temperature and lowering of 
crystallinity degree, melting temperature and activation energy.

The methyl-substituted polyarylesterketones have been produced in 
Ref. [375] be means of electrophylic polymerization of 4,4{}bis-(0-meth-
ylphenoxy)bisphenylketone or 1,4-bis(4-(methylphenoxy)benzoyl)ben-
zene with terephthaloyl or isophthaloyl chloride in 1,2-dichloroethane in 
the presence of dimethylformamides and АlСl3. The polymers have glass-
ing temperature and melting point 150–170 °C and 175–254 °C.
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The simple aromatic polyesterketones, which are of interest as con-
structional plastics and fi lm materials, capable of operating within the long 
time at 200 °C, have been synthesized [376–381] by means of polyni-
trosubstitution reaction of 1,1-dichlor-2, 2-di(4-nitrophenyl)-ethylene and 
4,4′dinitrobenzophenone with aromatic bisphenols.

The simple esterketone oligomer can be synthesized [378] also by 
polycondensation of aromatic diol with halogen-containing benzophenone 
at 150–250 °C in organic solvent in the presence of alkali metal compound 
as catalyst and water.

The particles of polyesterketone have a diameter ≤ 50 micrometers, 
intrinsic viscosity 0.5–2 deciliter/gram (35 °C, the ratio n-chlorphenol: 
phenol is 90:10).

The simple polyesterketone containing lateral side cyano-groups, pos-
sessing the glass transition temperature in range l61–179 °C, has been pro-
duced [379] by low-temperature polycondensation of mix 2,6-phenoxy-
benzonitrile and 4,4′-bisphenoxybenzophenone with terephthaloylchloride 
in 1,2-dichloroethane.

The simple polyarylesterketones, containing the carboxyl pendent 
groups [380] and fl exible segments of oxyethylene [381] have been syn-
thesized either.

Russian and foreign scientists work on synthesis of copolymers [382–
393] and block copolymers [394–399] of aromatic polyketones.

So, the high-molecular polyketones, having amorphous structure and 
high values of glassing temperature, have been produced by copoly-
merizing through the mechanism of aromatic combination of 5,5-bis(4-
chlorbemzoyl)-2,2-dimethoxybisphenyl and 5,5-bis(3-chlorbenzoyl)-2,2-
dimetoxybishenyl with help of nickel complexes [382].

Terpolymers on the basis of 4, 4′bisphenoxybisphenylsulfone, 4,4′bi-
sphenoxybenzophenone and terephthaloylchloride were produced in Ref. 
[383] by low-temperature polycondensation. The reaction was lead in 
solution of 1, 2-dichloroethane in the presence of AlCl3 and N-methyl-
2-pyrrolidone. It has been found that with increasing content of links of 4, 
4′bisphenoxybisphenylsulfone in copolymer their glassing and dissipation 
temperatures increase, but melting point and temperature of crystallization 
decrease.

The new copolyesterketones have been produced in Ref. [384] 
also from 4,4′difl uorobenzophenone, 2,2{},3,3{},6,6{}-hexaphenyl-
4,4′bisphenyl-1,1{}-diol and hydroquinone by the copolycondensation in 
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solution (sulfolane being the dissolvent) in the presence of bases (Na2CO3, 
K2CO3). The synthesized copolyesterketones possess solubility, high ther-
mal stability; have the good breaking strength and good gas-separating 
ability in relation to CO2/N2 and О2/N2.

The random copolymers of polyarylesterketones were produced by 
means of nucleophylic substitution [385] the basis of bisphenol А and 
carding bisphenols (in particular, phenolphthalein).

The simple copolyesterketones (copolyesterketonearylates) are synthe-
sized [386] and the method for production of copolymers of polyarylates 
and polycarbonate with polyesterketones is patented [387]. The reaction 
is held in dipolar aprotone dissolvent in the presence of interface catalyst 
(hexaalkylguanidinehalogenide).

The statistical copolymers of polyarylesterketones, involving naphtha-
lene cycle in the main chain, can be produced [388] by low-temperature 
polycondensation of bisphenyloxide, 4,4′{}bis(β-naphtoxy)benzophenone 
with chloranhydrides of aromatic bicarbonic acids – terephthaloylchlo-
ride and isophthaloylchloride (I) in the presence of catalytical system 
АlСl3/N–methylpirrolydone/СlСН2СН2Сl (copolymers are characterized 
by improved thermo- and chemical stability), and also by the reaction of 
hydroquinone with 1,4-bis(4,4′fl ourobenzoyl)naphthalene (II) in the pres-
ence of sodium and potassium carbonates in bisphenylsulfone [389].

The glass transition temperature of polyarylesterketones is going up, 
and melting point and temperature of the beginning of the destructions are 
down with increasing concentration of links of 1,4-naphthalene in main 
chain of copolymers.

The polyarylesterketone copolymers, containing lateral cyano-groups, 
can be synthesized [390] on the basis of bisphenyl oxide, 2,6-bisphenoxy-
benzonitrile (I) and terephthaloylchloride in the presence of АlСl3, em-
ploying 1,2-dichloroethane as the dissolvent, N-mthyl-2-pyrrolidon as the 
Lewis base. With increasing concentration of links of I the crystallinity 
degree and the melting point of copolymers decrease while the glass tran-
sition temperature increase. The temperature of 5%of copolymers mass 
loss is more than 514 °C (N2).

Copolymers, containing 30–40 weight % of links of I, possess higher 
therm0-stability (350 ± 10 °C), good tolerance for action of alkalis, bases 
and organic solvents.

The copolymers of polyarylesterketones, containing lateral methyl 
groups, can be produced by low-temperature polycondensation of 2,2{}-di-
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methyl-4,4{}-bisphenoxybisphenyleneketone (I) or 1,4-[4-(2-methylphe-
noxy) benzoyl] benzene (II) and bisphenylester, terephthaloylchloride 
[391]. The synthesis is held in 1, 2-dichloroethane in the presence of di-
methylformamides and АlСl3 as catalyst. With increasing concentration 
of links of I or II in copolymers the glass transition temperature increases, 
and the melting point and the crystallinity degree decreases.

The copolymers of polyarylketones, containing units of naphthalene-
sulfonic acid in lateral links, are use in manufacturing of proton-exchange 
membranes [392].

The polymeric system, suitable as proton-exchanged membrane in fuel 
cells, was developed in Ref. [393] on the basis of polyarylenesterketones.

The polyarylesterketones are fi rstly treated with metasulfonic acid 
within 12 h at 45 °C up to sulfur content of 1.2%, and then sulfonize with 
oleum at 45 °C up to sulfur content 5% (the degree of sulfonation 51%).

The high-molecular block-copolyarylenesterketones have been syn-
thesized on the basis of 4,4′difl uorobenzophenone and number of bisphe-
nols by means of reaction of nucleophylic substitution of activated aryl-
halogenide in dimethylacetamide (in the presence of potassium carbonate) 
[394, 395]. It has been identifi ed the cutback of molecular weight of poly-
mer when using bisphenolate of 4,4′(isopropylidene)bisphenol.

The block-copolyesterketones are synthesized [396] on the basis of di-
chloranhydride-1, 1′dichlor-2,2′-bis(n-carboxyphenyl)ethylene and vari-
ous dioxy-compounds with complex of worthy properties. It is possible 
to create, on the basis of obtained polymers, the constructive and fi lm 
materials possessing lower combustibility and high insulating properties. 
Some synthesized materials are promising as modifi ers of high-density 
polyethylene.

The block copolymers, containing units of polyarylesterketones and 
segments of thermotropic liquid-crystal polyesters of different length, are 
synthesized by means of high-temperature polycondensation in solution 
[397, 398]; the kinetics, thermal and liquid-crystal properties of block-
copolymers have been studied.

The polyarylenesterketones have been obtained [399], which contain 
blocks of polyarylesterketones, block of triphenylphosphite oxide and 
those of binding agent into the cycloaliphatic structures. The fi lm materi-
als on their basis are used as polymer binder in thermal control coatings.

The Refs. [400–402] informed on production of polyester-α-diketones 
using different initial compounds.

© 2015 by Apple Academic Press, Inc.

  



A Comprehensive Review on Aromatic Polyesters 159

Non-asymmetrical polyester-α-diketones are synthesized [400] on the 
basis of 4-fl ouru-4′ (n-fl uorophenylglyoxalyl) benzophenone. Obtained 
polymers are amorphous materials with glassing temperature 162–235 °C 
and have the temperatures of 10% mass loss in range of 462–523 °C.

The polyester-α-diketones synthesized in [401] on the basis of 2, 2-bis 
[4-(4-fl uorophenylglyoxalyl) phenyl] hexafl uoropropane are soluble poly-
mers. They exhibit the solubility in dimethylformamide, dimethylacet-
amide, N-methylpirrolydone, tetrahydrofurane and chloroform. The val-
ues of glassing temperature lie in interval 182–216 °C, and temperatures 
of 10% mass loss are within 485–536 °C and 534–556 °C in air and argon, 
respectively.

The number of new polyester-α-diketones in the form of homopolymers 
and copolymers has been produced in Ref. [402]. Polyester-α-diketones 
have the amorphous structure, include α-diketone, α-hydroxyketone and 
ester groups, they are soluble in organic solvents. The fi lms with length-
ening of 5–87%, solidity and module under tension 54–83 MPa and 1.6–
3 GPa, respectively, are produced by casting from chloroform solution.

The quinoxalline polymers, possessing higher glassing and soften-
ing temperatures and better mechanical properties compared to initial 
polymers, have been produced by means of interaction of polyester-α-
diketones with α-phenylenediamine at 23 °C in m-cresol. Polyquinoxa-
lines are amorphous polymers, soluble in chlorinated, amide and phenol 
dissolvents with ηlim = 0.4–0.6 deciliter/gram (25 °C, in N-methylpirroly-
done of 0.5 gram/deciliter).

It is reported [403] on liquid-crystal polyenamineketone and on mix of 
liquid-crystal thermotropic copolyester with polyketone [404]. The mix is 
prepared by melts mixing. It has been found that the blending agents are 
partially compatible; the mixes reveal two glass transition temperatures.

The transitions of polyketones into complex polyesters are possible.
So, when conducting the reaction at 65–85 °C in water, alcohol, ester, 

acetonitrile, the polyketone particles of size 0.01–100 micrometers trans-
form the polyesters by the oxidation under the peroxide agents: peroxy-
benzoic, m-chloroperoxybenzoic, peroxyacetic, and trifl ouruperoxyacetic, 
monoperoxyphthalic, and monoperoxymaleine acids, combinations of 
Н2О2 and urea or arsenic acid [405, 406].

For increasing of basic physical-mechanical characteristics and repro-
cessing, in particular of solubility, the synthesis of aromatic polyketones 
is lead through the stages of formation of oligomers with end functional 
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groups accompanied by the production of block-copolyketones or through 
the one-stage copolycondensation initial monomers with production of co-
polyketones.

So, unsaturated oligeketons are produced [407, 408] by the condensation 
of aromatic esters (for example, bisphenyl ester, 4,4′bisphenoxybisphenyl es-
ter and others) with maleic anhydride in the presence catalyst AlCl3.

The oligoketones with end amino groups can be produced [409] on the 
basis of dichloranhydride of aromatic dicarboxylic acid, aromatic carbo-
hydrate and telogen (N-acylanylode) according Friedel-Crafts reaction in 
organic dissolvent.

The oligoketones can be produced [410] by polycondensation of bi-
sphenyloxide and 4-fl uorobenzoylchloride in solution, in the presence of 
AlCl3. It has been found that the structure of synthesized oligomer is crys-
talline.

The synthesis of oligoketones, containing phthaloyl links, can be im-
plemented [411] by the Friedel-Craft reaction of acylation.

The cyclical oligomers of phenolphthalein of polyarylenestersulfonek-
etone can be produced [412] by cyclical depolymerization of correspond-
ing polymers in dipolaraprotic solvent (dimethylformamide), dimethylac-
etate in the presence of СsF as catalyst.

The aromatic oligoesterketones can be produced by means of inter-
action between 4,4′-dichlorbisphenylketone and 1,1-dichlor-2,2-di(3,5-
dibrom-n-oxyphenyl)ethylene in aprotic dipolar dissolvent (dimethylsulf-
oxide) at 140 °C in inert gas [ 413]. The copolyesterketones of increased 
thermo-stability, heat- and fi re-resistance can be synthesized on the basis 
of obtained oligomers.

The works on production of oligoketones and synthesis of aromatic 
polyketones on their basis are held in Kh.M. Berbekov Kabardino-Balkari-
an State University.

So, availing the method of high-temperature polycondensation in en-
vironment of dimethylsulfoxide, the oligoketones are produced with edge 
hydroxyl groups with the degree of condensation 1–20 from bisphenols 
(Diane or phenolphthalein) and dichlorbenzophenone. The condensation 
on the second stage is carried out at room temperature in 1,2-dichloroeth-
ane in the presence of HCl as acceptor and triethylamine as catalyst with 
introduction of the diacyldichloride of 1,1-dichlor-2,2-(n-carboxyphenyl)
ethylene into the reaction. The reduced viscosity of copolyketones lies 
within 0.78–3.9 deciliter/gram for polymers on the basis of Diane oligok-
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etones and 0.50–0.85 deciliter/gram for polymers on the basis of phenol-
phthalein oligoketones. The mix of the tetrachloroethane and phenol in 
molar ratio 1:1 at 23 °C was taken as a solvent [414].

The aromatic block-copolyketones have been synthesized by means 
of polycondensation of oligoketones of different composition and struc-
ture with end ОН-groups on the basis of 4,4′-dichlorbenzophenone and 
dichloranhydrides mixed with iso-and terephthalic acids in environment 
of 1,2-dichloroethane [415–418].

The synthesis is lead via the method of acceptor-catalyst polyconden-
sation. The double excess of triethylamine in respect to oligoketones is 
used as acceptor-catalyst. Obtained block-copolyketones possess good 
solubility in chlorinated organic solvents and can be used as temperature-
resistant high-strength durable constructional materials.

7.7 AROMATIC POLYESTERSULFONE KETONES

Along with widely used polymer materials of constructional assignment 
such as polysulfones, polyarylates, polyaryleneketones et cetera, the num-
ber of researches has recently, within the last decades, appeared which deal 
with production and study of properties of polyestersulfoneketones [290, 
419–433]. The advantage of given polymeric materials are that these si-
multaneously combine properties of both polysulfones and polyarylenek-
etones and it allows one to exclude some or the other disadvantages of two 
classes of polymers. It is known, that high concentration of ketone groups 
results in greater Tglass and Tflow respectively, or in better heat stability. On 
the other hand, greater concentration of ketone groups results in worsen-
ing of reprocessibility of polyarylenesterketones. That is why the sulfona-
tion of the latter has been performed. The solubility increases with increas-
ing of the degree of sulfonation. Polyestersulfoneketones gain solubility 
in dichloroethane, chloroform, dimethylformamide. The combination of 
elementary links of polysulfone with elementary links of polyesterketone 
also improves the fluidity of composition during extrusion.

The Refs. [424–433] report on various methods of production of poly-
estersulfoneketones.

The 4,4{}-bis(phenoxy)bisphenylsulfone has been synthesized by 
means of reaction of phenol with bis-(4-chlorphenyl)sulfone and the low-
temperature polycondensation of the product has been carried out in the 
melt with tere- and isophthaloylchloride resulting in the formation of 
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polyarylenestersulfonesterketoneketones. The polycondensation is con-
ducted in 1,2-dichlorethane at presence of AlCl3 and N-methylpirrolydone. 
Compared to polyesterketoneketones synthesized polymers have greater 
temperatures of glassing and decomposition and lower melting point and 
also possess higher thermal resistance [424].

The block-copolymers have been created by means of polycondensa-
tion of low-molecular polyesterketone containing the remnants of chlora-
nhydride of carbonic acid and 4,4{}-bisphenoxybisphenylsulfone (I) as 
end groups. The increase in concentration of component I result in greater 
glassing temperature and lower melting point of block-copolymers.

The block-copolymers containing 32.63–40.7% of component I have 
glassing temperature and melting point respectively 185–193°С and 322–
346°С, durability and modulus in tension respectively 86.6–84.2 MPa and 
3.1–3.4 GPa and tensile elongation 18.5–20.3%.

Block-copolymers have good thermal properties and could be easily 
reprocessed in melt [425].

Polyestersulfoneketones have been produced be means of electrophyl-
ic Friedel-Crafts acylation in the presence of dimethylformamides and an-
hydrous AlCl3 in environment of 1,2-dichlorethane on the basis of simple 
2- and 3-methylbisphenyl esters and 4,4{}-bis(4-chloroformylpheoxy)
bisphenylsulfone. The copolymer has the molecular weight of 57,000–
71,000, its temperatures of glassing and decomposition are 160.5–167.0°С 
and > 450°С, respectively, the coke end is 52–57% (N2). Copolyestersul-
foneketones are well soluble in chloroform and polar dissolvents (dimeth-
ylformamide and others) and form transparent and elastic fi lms [426].

Some papers of Chinese researchers are devoted to the synthesis and 
study of properties of copolymers of arylenestersulfones and esterketones 
[427–429].

The block-copolyesters based on oligoesterketones and oligoestersul-
fones of various degree of condensation have been produced in Ref. [430] 
by means of acceptor-catalyst polycondensation; the products contain 
simple and complex ester bonds.

Polyestersulfoneketones possessing lower glassing temperatures and 
excellent solubility have been synthesized in Ref. [431] by means of low-
temperature polycondensation of 2, 2{}, 6, 6{}-tetramethylbisphenoxybi-
sphenylsulfone, iso-and terephthaloylchloride in the presence of AlCl3 and 
N-methylpirrolydone in environment of 1, 2-dichlorethane. The increasing 
concentration of iso-and terephthaloylchloride results in greater glassing tem-
peratures of statistical copolymers.
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The manufacture of ultrafi ltration membranes is possible on the basis of 
mix polysulfone-polyesterketone [432, 433]. Transparent membranes ob-
tained by means of cast from solution have good mechanical properties in 
both dry and hydrated state and keep analogous mechanical properties after 
exposition in water (for 24 h at 80 °C). The maximal conductivity of mem-
branes at 23 °C is 4.2 10–2 Sm/cm while it increases to 0.11 Sm/cm at 80 °C.

In spite of a number of investigations in the area of synthesis and char-
acterization of polyestersulfoneketones, there are no data in literature on 
the polyestersulfoneketones of block-composition based on bisphenylol-
propane (or phenolphthalein), dichlorbisphenylsulfone and dichlorbenzo-
phenone, terephthaloyl-bis (n-oxybenzoylchloride).

Russian references totally lack any researches on polyestersulfonek-
etones, not speaking on the production of such polymers in our country. 
Accounting for this, we have studied the regularities of the synthesis and 
produced block-copolyestersulfoneketones of some valuable properties 
[423]. The main structure elements of the polymers are rigid and extreme-
ly thermo-stable phenylene groups and fl exible, providing for the thermo-
plastic reprocessibility, ester, sulfone and isopropylidene bridges.

Synthesized, within given investigation, polyestersulfoneketones on 
the basis of phthalic acid; polyarylates on the basis of 3,5-dibromine-n-
oxybenzoic acid and phthalic acids and copolyesters on the basis of tere-
phthaloyl-bis(n-oxybenzoic) acid are of interest as heat-resistant and fi lm 
materials which can fi nd application in electronic, radioelectronic, avia, 
automobile, chemical industries and electrotechnique as thermo-stable 
constructional and electroisolation materials as well as for the protection 
of the equipment and devices from the infl uence of aggressive media.
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 • n-oxybenzoic acid

 • Polycondensation
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 • Tere- and isophthalic acids
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ABSTRACT

Carbon nanofibers (sometimes known as carbon nanofilaments or CNF) 
can be produced in a relative large scale by electrospinning of Polyacrylo-
nitrile solution in dimethyl formaldehyde, stabilization and carbonization 
process. The porosity, pore volume and surface area of carbon nanofiber 
enhanced during the chemical or physical activation. This paper is a re-
view of electrospinning method of CNF production and heat pretreatments 
and activations process to make activated carbon nanofiber. Attention is 
also given to some of the possible applications of this nanostructures 
which center around the unique blend of properties exhibited by the mate-
rial, which include: hydrogen adsorption properties, energy storage media, 
catalyst support, and regenerative medicine.

8.1 INTRODUCTION

In recent years, porous materials have been of immense interest because 
of their potential for applications in various fields, ranging from chem-
istry to physics, and to biotechnology [1]. Introducing nanometer-sized 
porosity has been shown as an effective strategy to achieve desired proper-
ties while maintaining micro structural feature sizes commensurate with 
the decreasing length-scales of devices and membranes [2]. On the other 
hand, fibrous materials have filled many needs in many areas due to their 
intrinsically high surfaces, interfiber pores and engineering versatility. In 
concept, coupling nano porosity in the ultra-fine nano fibers should lead 
to the highest possible specific surface and fibrous materials. Hence, the 
synthesis of organic polymer or inorganic nano fibers with nano porous 
structures might be very useful in a widely areas, such as membranes 
technology [3], tissue engineering, drug delivery [4], adsorption materials 
[5–8], filtration and separation [9], sensors [10], catalyst supports [11, 12] 
and electrode materials [13–17] and so forth.

Activated carbon fi bers (ACF) and nano fi bers (ACNF) are a relatively 
modern form of porous carbon material with a number of signifi cant ad-
vantages over the more traditional powder or granular forms. Advantages 
include high adsorption and desorption rates, thanks to the smaller fi ber 
diameter and hence very low diffusion limitations, great adsorption capac-
ities at low concentrations of adsorbates, and excellent fl exibility [18, 19].
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The adsorption and the isolation technique is an effi cient method in 
environmental problems, the toxic materials in sorts of industrial waste-
water and exhaust fumes can be absorbed by using various adsorbents, so 
that the fumes and the liquid are up to standard of environmental protec-
tion. The key problem of the adsorption and the isolation technique lies in 
the adsorbents; the commonly used adsorbents are activated carbon, silica 
gel, acid terra alba and zeolite molecular sieve, etc. [20–22]. But, not only 
the adsorption characterization of these materials but also the operating 
characterization and the reproducing ability of these materials are all very 
weak. So searching for a high quality adsorption material has become a 
subject concerned by experts all over the world.

Although several methods have been proposed for nano fi ber manufac-
turing so far, an effi cient and cost effective procedure of production is still a 
challenge and is debated by many experts [23]. Some of different methods 
for nano fi ber manufacturing are Drawing [24], Template synthesis [25], 
Phase separation [26], Self-assembly [27] vapor growths, arc discharge, 
laser ablation and chemical vapor deposition [28]. One of the most versa-
tile methods in recent decades is electro spinning which is a broadly used 
technology for electrostatic fi ber formation which uses electrical forces to 
produce polymer fi bers with diameters ranging from several nm to several 
micrometers using polymer solutions of both natural and synthetic poly-
mers has seen a tremendous increase in research and commercial attention 
over the past decade [29–31]. Electro spinning is a remarkably simple and 
versatile technique to prepare polymers or composite materials nanofi bers. 
As many research showed that, by changing appropriate electro spinning 
parameters, it can be possible to obtain the fi bers with nano porous struc-
tures, for which the basic principle based on away that phase separation 
processes take place during electrospinning [1, 30, 32]. Nanomaterials are 
traditionally defi ned to be those with at least one of the three dimensions 
equal to or less than 100 nm, 8 where as an upper limit of 1000 nm is usu-
ally adopted to defi ne nano fi bers. A large number of special properties of 
polymer nano fi bers have been reported due to the high specifi c surface 
area and surface area to volume ratio. In contrast to the normal PAN fi bers 
with diameters of about 20μm [33–34], electro spun PAN nano fi bers with 
diameters in the submicron range result in activated carbon nano fi bers 
(ACNF) with very much higher specifi c surface area [1, 35].

ACNF is an excellent adsorbent and has found usage in applications 
such as gas-phase and liquid phase adsorption [5, 20, 36] as well as elec-
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trodes for super capacitors and batteries [14, 37]. The literature review 
concerning ACNF is summarized as follows:

Kim and Yang [14] prepared ACNF from electro spun PAN nano fi bers 
activated in steam at 700–800 °C and found that the specifi c surface area 
of the ACNF activated at 700 °C was the highest but the Mesopore volume 
fraction was the lowest. However, the work by Lee et al. [38] showed an 
opposite result. Song et al. [21] investigated the effect of activation time 
on the formation of ACNF (ultra-thin PAN fi ber based) activated in steam 
at 1000 °C. Ji et al. [39] made mesoporous ACNF produced from electros-
pun PAN nano fi bers through physical activation with silica and conducted 
chemical activations by potassium hydroxide and zinc chloride to increase 
specifi c surface area and pore volume of ACNF [40]. It must be pointed 
out that different methods and conditions of activation lead to very differ-
ent physical properties and adsorption capacities for ACNF.

This review provides an overview of the most preferable production 
methods of carbon fi ber and nanofi ber and activated form of them. Be-
cause of the extraordinary combination of physical and chemical proper-
ties exhibited by carbon nanofi bers and activated form of it, which blends 
two properties that rarely coexist: high surface area and high electrical 
conductivity, which are the result of the unique stacking and crystalline 
order present within the structure, there are tremendous opportunities to 
exploit the potential of this form of carbon in a number of areas, some of 
which are discussed in this paper.

8.2 CARBON FIBERS

The existence of carbon fiber (CFs) came into being in 1879 when Thomas 
Edison recorded the use of carbon fiber as a filament element in electric 
lamp. Fibers were first prepared from rayon fibers by the US Union Car-
bide Corporation and the US Air Force Materials Laboratory in 1959 [41]. 
In 1960, it was realized that carbon fiber is very useful as reinforcement 
material in many applications. Since then a great deal of improvement has 
been made in the process and product through research work carried out 
in USA, Japan and UK. In 1960s, High strength Polyacrylonitrile (PAN) 
based carbon fiber was first produced in Japan and UK and pitch based 
carbon fiber in Japan and USA.
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Carbon fi bers can be produced from a wide variety of precursors in the 
range from natural materials to various thermoplastic and thermosetting 
precursors Materials, such as Polyacrylonitrile (PAN), mesophase pitch, 
petroleum, coal pitches, phenolic resins, polyvinylidene chloride (PVDC), 
rayon (viscose), etc. [42–43]. About 90% of world’s total carbon fi ber pro-
ductions are polyacrylonitrile (PAN)-based. To make carbon fi bers from 
PAN precursor, PAN-based fi bers are generally subjected to four pyrolysis 
processes, namely oxidation stabilization, carbonization and graphitiza-
tion or activation; they will be explained in following sections later [43].

Among all kind of carbon fi bers, PAN-based carbon fi bers are the pre-
ferred reinforcement for structural composites with the result of their ex-
cellent specifi c strength and stiffness combined with their light weight as 
well as lower cost, butin general, PAN-based carbon fi bers have lower car-
bonization yield than aromatic structure based precursors, such as pitch, 
phenol, polybenzimidal, polyimide etc. The carbon yield strongly depends 
on the chemical and morphological structures of the precursor fi bers [44].

Carbon fi bers are expected to be in the increasing demand for compos-
ite materials in automobile, housing, sport, and leisure industries as well as 
airplane and space applications [45]. They requires high strength and high 
elasticity, the high strength type is produced from Polyacrylonitrile (PAN) 
and the high elasticity type is manufactured from coat tar pitch. In order 
to meet expanded use in some high-tech sectors, many novel approaches, 
such as dry-wet spinning [46], steam drawing [34], increasing the mo-
lecular weight of precursors polymer [47], modifying the precursors prior 
to stabilization [43–47], etc., have been performed to increase the tensile 
strength of PAN-based carbon fi bers.

The quality of the high performance carbon fi bers depends mainly on 
the composition and quality of the precursor fi bers. In order to obtain high 
performance PAN-based carbon fi bers, the combination of both physical 
mechanical properties and chemical composition should be optimized 
[48]. Producing a high performance

PAN-based carbon fi ber and activated carbon fi ber is not an easy task, 
since it involves many steps that must be carefully controlled and opti-
mized. Such steps are the dope formulation, spinning and post spinning 
processes as well as the pyrolysis process. At the same time, there are 
several factors that need to be considered in order to ensure the success 
of each step. However, among all steps, the pyrolysis process is the most 
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important step and can be regarded as the heart of the carbon fi ber produc-
tion [43].

Carbon fi bers possess high mechanical strengths and module, superior 
stiffness, excellent electrical and thermal conductivities, as well as strong 
fatigue and corrosion resistance; therefore, they have been widely used 
for numerous applications particularly for the development of large load-
bearing composites. Conventional carbon fi bers are prepared from precur-
sors such as Polyacrylonitrile (PAN) [49, 50]. Ch. Kim et al. [44] produced 
two-phase carbon fi bers from electrospinning by pitch and PAN precursor. 
He proved that the fi ber diameter, the Carbon yield and the electrical con-
ductivity are increased with increasing Pitch component.

Carbon fi bers have various applications because of their porous struc-
ture [51]. The preparation of drinkable, high quality water for the electron-
ics and pharmaceutical industries, treatment of secondary effl uent from 
sewage processing plants, gas separation for industrial application, hemo 
dialyzers, and the controlled release of drugs to mention only a few ap-
plications [49–52].

8.2.1 CLASSIFICATIONS OF CARBON FIBERS

The manufacturing technology for carbon fibers is based on the high-
temperature pyrolysis of organic compounds, conducted in an inert atmo-
sphere. Some carbon fiber classifications are based on the magnitude of 
the final heat-treatment temperature (HTT) during production of the car-
bon fibers through pyrolysis, and also on the carbon content of the final 
product. Accordingly, carbon fibers may be subdivided into three classes: 
partially carbonized fibers (HTT 500 °C, carbon content up to 90 wt%), 
carbonized fibers (HTT 500–1500 °C, carbon content 91–99 wt%), and 
graphitized fibers (HTT 2000–3000 °C, carbon content over 99 wt%). 
Carbon fibers can be classified by raw materials as well, for example, 
rayon-based fibers, PAN-based fibers, pitch-based mesophase fibers, lig-
nin based fibers and gas phase production fibers [52].

8.2.2 PROPERTIES OF CARBON FIBERS

The characteristics of carbon fiber material are influenced by choices of 
the initial polymer raw material, conditions of carbonization and heat 
treatment, and also by introduction of certain additives.
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8.2.2.1 MECHANICAL PROPERTIES

PAN-based carbon fibers demonstrate 200–400 GPa Young’s modulus 
upon longitudinal stretching of the fiber, while upon transverse stretching 
the Young’s modulus is 5–25 GPa, and the compressive strength is 6 GPa. 
It has been suggested that the Young’s modulus of carbon fibers depends 
on the orientation of graphite crystallites in the carbon fiber, while the 
strength is determined by the intra fiber bonding [52].

8.2.2.2 CHEMICAL STABILITY

An important property of carbon fibers that largely determines their pro-
spective uses in many fields is their stability with respect to aggressive 
agents. This property is related to some structural features of carbon fibers 
and primarily depends on the type of initial raw material, the heat-treat-
ment temperature, and the presence of element in the fiber. It is evident 
that the acid stability of carbon fibers increases with increase in heat treat-
ment temperatures as the proportion of the more stable bonds increases, 
while the more perfect carbon structure excludes reagent diffusion into 
the fiber matrix. While at room temperature there has been little change 
observed in carbon fibers even after prolonged periods of exposure to cor-
rosive liquids. The stability of carbon fibers at elevated temperatures de-
creases, especially if the reagents are oxidizing (i.e., nitric acid, sodium 
hypo chloride) [52].

8.2.2.3 APPLICATIONS OF CARBON FIBERS

The expansion of the areas of application for carbon fibers is stimulated by 
their attractive properties, not found in other materials, such as strength, 
electrical conductivity, stability on exposure to reactive media, low den-
sity, low-to-negative coefficient of thermal expansion, and resistance to 
shock heating. The most representative applications of carbon fibers and 
element carbon fibers are as sorption materials, electrostatic discharge ma-
terials, catalysts, and reinforcement materials in composites.
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8.3 POLYACRYLONITRILE (PAN)

It is well know that PAN is made from acrylonitrile, which was prepared 
by Moureu in 1893. The chemical structure of PAN is illustrated in Fig. 
8.1. It is a resinous, fibrous, or rubbery organic polymer and can be used 
to make acrylic fibers. PAN is sometimes used to make plastic bottles, and 
as a starting material for making carbon fibers. It is chemically modified 
to make the carbon fibers found in plenty of both high-tech and common 
daily applications such as civil and military aircraft primary and second-
ary structures, missiles, solid propellant rocket motors, pressure vessels, 
fishing rods, tennis rackets, badminton rackets & high-tech bicycles. Ho-
mopolymer of PAN has been used as fibers in hot gas filtration systems, 
outdoor awnings, sails for yachts, and even fiber reinforced concrete. The 
homopolymer was developed for the manufacture of fibers in 1940, after a 
suitable solvent had been discovered by DuPont in the USA, while Bayer 
developed an aqueous based solution [52]. Almost all polyacrylonitrile 
resins are copolymers made from mixtures of monomers; with acryloni-
trile as the main component. It is a component repeat unit in several im-
portant copolymers, such as styrene-acrylonitrile or SAN and ABS plastic. 
Copolymers containing polyacrylonitrile are often used as fibers to make 
knitted clothing, like socks and sweaters, as well as outdoor products like 
tents and similar items. If the label of a piece of clothing says “acrylic,” 
then it is made out of some copolymer of polyacrylonitrile. It was made 
into spun fiber at DuPont in 1941 and marketed under the name of Orlon. 
Acrylonitrile is commonly employed as a comonomer with styrene (e.g., 
SAN, ABS, and ASA plastics).

FIGURE 8.1 Chemical structure of PAN.

PAN fi bers are used in weaving (blanket, carpet and clothes) and in 
engineering-housing (instead of asbestos) and most importantly for pro-
ducing carbon fi bers [53]. In recent decade PAN fi bers are considered as 
main material for production of carbon fi bers. PAN fi bers manufactured 
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presently are composed of at least 85% by weight of acrylonitrile (AN) 
units. The remaining 15% consists of neutral and/or ionic comonomers, 
which are added to improve the properties of the fi bers. Neutral comono-
mers like methyl acrylate (MA), vinyl acetate (VA), or methyl methacry-
late (MMA) are used to modify the solubility of the PAN copolymers in 
spinning solvents, to modify the PAN fi ber morphology, and to improve 
the rate of diffusion of dyes into the PAN fi ber. Ionic and acidic comono-
mers including the sulfonate groups like SMS, SAMPS, sodium p-styrene 
sulfonate (SSS), sodium p- sulfophenyl methallyl ether (SMPE), and IA 
also can be used to provide dye sites apart from end groups and to increase 
hydrophilicity [54].

8.4 ACTIVATED CARBON FIBERS

One of the disadvantages of carbon fibers is its low surface area This fact 
restrict the applications of these materials like hydrogen (or energy) stor-
age or treatment of water and waste water; therefore is necessary increase 
the surface area to improve the yield in these materials [55]. Activation 
treatment greatly increases the number of micropores and mesopores [18].

Chemical activation with KOH or NaOH is an effective method to pre-
pare activated carbon materials [55–56]. Chemical agent activation soaks 
the carbon material using chemical agent, during the process of heating 
and activating, carbon element will liberate with tiny molecule such as 
CO or CO2. ZnCl2, KOH, H3PO4 [57] are the commonly used chemical 
agents [22].

Chemical activation presents several advantages and disadvantages 
compared to physical activation. The main advantages are the higher 
yield, lower temperature of activation, less activation time and generally, 
higher development of porosity. Among the disadvantages, the activating 
agents are more expensive (KOH and NaOH vs. CO2 and H2O) and it is 
also necessary an additional washing stage. Because the character of ACF 
manufactured by this method is unstable, we seldom use it [22]. Moreover, 
these hydroxides are very corrosive. Physical activation with carbon diox-
ide or steam is the usual procedure to obtain activated carbon fi bers (ACF). 
Chemical activation of carbon fi bers by ZnCl2, AlCl3, H3PO4, H3BO3, has 
been reported [58].
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Activated Carbon Fiber is one member of carbon family with multiple 
holes, which has its unique performance. It has the characters such as big 
specifi c surface area, developed microcellular structure, large adsorptive 
capacity, fast absorbed and desorbed velocity and easy regeneration ca-
pacity, etc. they have begun to fi nd use in fl uid fi ltration applications as 
an alternative to activated carbon granules. Their properties differ from 
granules with respect to porosity and physical form, which can confer cer-
tain advantages, e.g., their smaller dimensions give improved access of the 
adsorptive and the micropores are accessible from the surface. Adsorption 
rates of organic vapors are therefore faster than in granules where diffu-
sion through macropores and mesopores must occur fi rst. A further ad-
vantage is their ability to be formed into both woven and nonwoven mats, 
where problems due to channeling when granules are used are avoided. 
Materials of this type can act as aerosol and particulate fi lters, as well as 
microporous adsorbents [59]. According to the aperture classifi cation stan-
dard by IUPAC, the pores can be classifi ed into three categories, namely 
micropore (pore size < 2 nm), mesopore (2 nm < pore size < 50 nm) and 
macropore (pore size >50 nm). It is proved that mesopores or macropores 
in ACF can thus improve the adsorption effectivity for larger molecules or 
macromolecules such as protein and virus [19].

The PAN based activated carbon hollow fi bers (ACHF) have brought 
on many investigators’ interest, since PAN-based ACHF shows large ad-
sorption capacity. PAN hollow fi bers are pretreated with ammonium diba-
sic phosphate and then further oxidized in air, carbonized in nitrogen, and 
activated with carbon dioxide.

One of the important applications of ACF is to remove formaldehyde 
from atmosphere. It has been investigated for many years. It was found 
that porous carbons derived from PAN showed larger formaldehyde ad-
sorption capacity, which originated from its abundant nitrogen functional-
ities on the surface [20].

8.4.1 METHODS OF ACTIVATED CARBON FIBER 
PREPARATION

Fibers are formed from above mentioned precursors, which are then sub-
ject to various heat treatments in controlled atmospheres to yield carbon 
fibers, often with specific mechanical properties. A final step in this proce-
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dure can be either chemical or physical activation of the carbon fibers. In 
general, nongraphitizable carbons, which are more disordered can be ac-
tivated physically in steam or CO whereas the more ordered graphitizable 
carbons require chemical activation for the generation of porosity [60].

As a result activated carbon fi ber is produced through a series of pro-
cess consisting of stabilization, carbonization, and activation of precursor 
fi bers. It is important to improve the effi ciency of the production process 
as well as to select low cost precursors [42]. The stabilization process, 
air oxidation of precursor fi bers at 200–300 °C, is the process required 
to prevent the precursor fi bers from melting during the subsequent car-
bonization process [61, 62]. It is essential for PAN and pitches, but is not 
essential for phenolic resin and cellulose, because the latter precursors are 
thermosetting resins. Phenolic resin is known to produce higher surface 
area ACF as compared with other precursors. It is, therefore, very advanta-
geous if we could improve the production effi ciency of phenol resin based 
ACF by, possibly, simple and cost effective methods.

8.4.2 PROPERTIES OF ACTIVATED CARBON FIBER (ACF)

Some of the most important properties of ACF are listed as below Table 
8.1.

TABLE 8.1 Activated Carbon Fiber Properties

Most important properties of ACF References

Fast speed of adsorption and desorption as a result of large surface area 
and average aperture of micropore.

[63]

ACF also has excellent adsorption to low concentration substance, be-
cause its adsorption forces and unit adsorptive volume.

[64, 65]

The capability of turning into different patterns, like paper, nonwoven, a 
honeycomb structure and corrugated cardboard because of good tensile 
strength.

[63]

ACF itself is not easy to become powder so it will not cause second pol-
lution.

[63]

ACF’s thin and light adsorption layer allow it be used in the small treat-
ment with high efficiency.

[66]
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Most important properties of ACF References

ACFs adsorption can reach to the expectable efficiency in short time 
because it’s Low density and small loss of press.

[66]

ACF can also be applied as fuel cell electrodes material. [67]

Without reducing its adsorption function, it’s easy to be regenerated. And 
it can be used for very long time.

[67]

ACF can be a deoxidizer to recycle the precious metal. [66]

ACFs have acid-proof and alkali-proof properties. [68, 69]

8.4.3 APPLICATION OF ACF

ACFs have been successfully applied in many fields, such as the treatment 
of organic and inorganic waste gases, the recovery of organic solvent, air 
cleaning and deodorization, treatment of wastewater and drinking water, 
separation and recovery of precious metals, as medical adsorbents and 
protective articles, and in electrodes [57]. Some of the most common ap-
plications of ACF are listed below Table 8.2.

TABLE 8.2 Activated Carbon Fiber Applications

ACF applications Explanation Reference

Recovery of Organic 
Compounds and Sol-
vents

ACF can be used in gas/air separation, recovery 
of organic compounds and solvents, especially 
for caustic nitrides, and low boiling point solvent.

[64, 70]

Air purification ACF can eliminate malodorous substance in the 
air, especially for aryl substance which will gen-
erate carcinogens.

[57]

Wastewater treatment ACF is suitable in organic waste-water treatment, 
like substance content phenol, medical waste, etc. 
which are hard to decompose by organism. With 
large quantity of adsorption volume, fast speed 
of adsorption, excellent desorption function, and 
easy to regenerate. ACF can be used in a small, 
continuous, simple design condition, which cost 
low and do not make second pollution.

[9]

TABLE 8.1 (Continued)
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ACF applications Explanation Reference

Water purification They can be applied in deodorizing and de-color-
ing Applications in different industrial field, like 
food and beverage, pharmaceutical, sugar-mak-
ing, wine-making and also for super-pure water 
treatment system of electronic industry and aque-
ous filtration treatment.

[9, 71]

Domestic products ACF can be a refrigerator deodorizer and keep 
food fresh

[57]

8.5 ACTIVATED CARBON

Needs for porous materials in industrial application and in our daily life 
are increasing. Porous carbon materials, especially those containing mi-
cropores or mesopores, are being used in various applications such as ad-
sorbent and catalyst supports. Activated carbon has played a major role in 
adsorption technology over the last few years [72]. Porous carbons have 
highly developed porosity and an extended surface area. Their prepara-
tion involves two methods: a physical method that initiates the activation 
at high temperature with CO2 or a water steam stream, and a chemical 
method that initiates the activation using the micro explosion behaviors 
of chemical agents [73]. Normally, all carbonaceous materials can be con-
verted into porous carbons, although the properties of the final products 
will differ according to the nature of the raw materials used.

Toxic organic compounds, such as aromatics and chlorinated hydro-
carbons in the gaseous or liquid effl uent streams from the production of 
chemicals and pharmaceuticals are normally removed by adsorption with 
activated carbons (ACs) in a fi xed-bed purifi er. However, both contami-
nant and water molecules are adsorbed at the same time owing to the hy-
drophilic character acquired during the production process of AC, thus 
limiting the capacity of the adsorbent which is directly related to its highly 
micro porous structure, which unfortunately leads to weak mechanical 
strength resulting in decrepitation into fi nes in practical application [74]. 
Most commercially available activated carbons are extremely micro po-
rous and of high surface area, and consequently they have high effi ciency 
for the adsorption or removal of low-molecular weight compounds. The 

TABLE 8.2 (Continued)
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mesoporous activated carbons are expected to be excellent adsorbents for 
the removal and recovery of mesomolecular weight compounds.

8.6 CARBON NANOSTRUCTURES

8.6.1 CARBON NANOTUBES (CNTS)

Nanotubes of carbon and other materials are arguably the most fascinat-
ing materials playing an important role in nanotechnology today. One can 
think of carbon nano tubes as a sheet of graphite rolled into a tube with 
bonds at the end of the sheet forming the bonds that close the tube. Due to 
their small size and their extraordinary physicochemical properties, much 
attention has been paid to the interesting sp2-based fibrous carbons, in-
cluding carbon nano tubes. It is generally accepted that carbon nanotubes 
consist of single or multiple grapheme sheets rolled into concentric cylin-
ders: thus giving rise to single wall carbon nanotubes (SWNTs) or multi-
wall carbon nanotubes (MWNTs). A single-walled nanotubes (SWNT) can 
have a diameter of 2 nm and a length of 100pm, making it effectively a one 
dimensional structure called a nanowires [75].

Their unique mechanical, electronic, and other properties are expected 
to result in revolutionary new materials and devices. These nanomateri-
als, produced mostly by synthetic bottom up methods, are discontinuous 
objects, and this leads to diffi culties with their alignment, assembly, and 
processing into applications. Partly because of this, and despite consider-
able effort, a viable carbon nanotubes reinforced super nanocomposite is 
yet to be demonstrated. Advanced continuous fi bers produced a revolution 
in the fi eld of structural materials and composites in the last few decades 
as a result of their high strength, stiffness, and continuity, which, in turn, 
meant processing and alignment that were economically feasible [76]. 
Fiber mechanical properties are known to substantially improve with a 
decrease in the fi ber diameter. Hence, there is a considerable interest in 
the development of advanced continuous fi bers with nanoscale diameters. 
Electrospinning technology enables production of these continuous poly-
mer nanofi bers from polymer solutions or melts in high electric fi elds [23, 
77].
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8.6.2 CARBON NANOFIBERS (CNF)

Carbon nanofibers, like other one-dimensional (1D) nanostructures such 
as nanowires, nanotubes, and molecular wires, are receiving increasing 
attention because of their large length to diameter ratio. With the develop-
ment of nanotechnology in fiber fields, carbon nanofibers (CNFs) gradu-
ally attracted much attention after the discovery of carbon nanotubes by 
Iijima in 1991 [78]. CNF cost significantly less to produce than carbon 
nanotubes (CNT) and therefore offer significant advantages over nano-
tubes for certain applications, providing a high performance to cost ratio 
[28, 79].

CNFs are currently widely used in many fi elds, such as reinforcement 
materials, gas adsorption/desorption, rechargeable batteries, templates for 
nanotubes, high-temperature fi lters, supports for high-temperature cataly-
sis, nanoelectronics and supercapacitors, due to their high aspect ratio, 
large specifi c surface area, high-temperatures resistance and good elec-
trical/thermal conductivities. The conventional preparation methods for 
CNFs, including the substrate method, spraying method, vapor growth 
method and plasma-enhanced chemical vapor deposition method, are 
known to be very complicated and costly. Therefore, a simple and inex-
pensive electrospinning process, fi rst patented by Cooley in 1902, 2 has 
been increasingly used as the optimum method to fabricate continuous 
CNFs during the last decade [41]. The primary characteristic that distin-
guishes CNF from CNT resides in grapheme plane alignment: if the gra-
phene plane and fi ber axis do not align, the structure is defi ned as a CNF, 
but when parallel, the structure is considered as a CNT [79].

Carbon nanofi bers with controllable nanoporous structures can be pre-
pared via different ways. An oldest method is the catalytic decomposition 
of certain hydrocarbons on small metal particles such as iron, cobalt, nick-
el, and some of their alloys [80]. The mechanism includes hydrocarbon 
adsorption on a metal surface, conversion of the adsorbed hydrocarbon to 
adsorbed surface carbon via surface reactions, subsequent segregation of 
surface carbon into the layers near the surface, diffusion of carbon through 
metal particles, and then precipitation on the rare side of the particle [81]. 
The size of the catalyst nanoparticles seems to be the determining factor 
for the diameter of the carbon nanostructures grown on it. Small nanopar-
ticles catalyze this grown better than the big ones due to that exhibit pecu-
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liar electronic properties (and thus catalytic properties) as consequence of 
their unusual ratio surface atom/bulk atom [80, 82, 83].

In a typical operation, about 100 mg of the powdered catalyst is placed 
in a ceramic boat, which is positioned in a quartz tube located in a hori-
zontal tube furnace. The sample is initially reduced in a 10% hydrogen 
helium stream at 600 °C and then quickly brought to the desired reaction 
temperature. Following this step, a predetermined mixture of hydrocar-
bon, hydrogen, and inert gas is introduced into the system and the reaction 
allowed proceeding for periods of about 2 h [6].

Carbon nanofi bers were successfully prepared via electrospinning of 
PAN solution [78, 84, 85]. Electrospinning is a unique method for produc-
ing nanofi bers or ultrafi ne fi bers, and uses an electromagnetic fi eld with a 
voltage suffi cient to overcome the surface tension. Electrospun fi bers have 
the characteristics of high specifi c surface area, high aspect ratio, dimen-
sional stability, etc. [20].

V. Barranco.et al [86] divided carbon nanofi ber into two groups, (i) 
highly graphitic CNFs; and (ii) lowly graphitic ones. He investigated that 
the lowly graphitic CNFs have been obtained by certain procedures:

• from blends of polymers in which a polymer acts as the carbon pre-
cursor and the other gives way to porosity, the latter being removed 
along the carbonization process;

• by electrospinning of precursors, this gives way to webs of CNFs 
after carbonization;

• by using an anodic alumina as a template, which leads to CNFs with 
marked mesoporosity;
 from electrochemical decomposition of chloroform; and
 from flames of ethanol.

The two last procedures lead to nanofi bers with high oxygen contents. 
In all cases, the low crystallinity of the CNFs could be an advantage for 
subsequent activation, and thus, activated CNFs with a larger specifi c sur-
face area and a higher specifi c capacitance can be obtained.

8.6.2.1 STRUCTURE OF CARBON NANOFIBER

The structural diversity of CNFs occurs by the anisotropic alignment of 
grapheme layers like the graphite, providing several particular structures 
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such as platelet, herringbone and tubular CNFs according to the alignment 
direction to the fiber axis [87].

FIGURE 8.2 Different structures of carbon nanofibers (CNFs): (a) platelet structure, (b) 
herringbone structure, and (c) tubular structure.

There are mainly three types of carbon nanofi bers: the herringbone in 
which the graphene layers are stacked obliquely with respect to the fi ber 
axis; the platelet in which the graphene layers are perpendicular to the 
fi ber axis; and the tubular in which the graphene layers are parallel to the 
growth axis [55].

Figure 8.3 shows the SEM image of carbon nanofi ber fi lm. It can be 
seen from Fig. 8.2a that the fi lm is composed of aggregated nanofi bers. 
They have been called platelet carbon nanofi bers. The fi bers are of several 
tens μm long, zigzag, and most of them have a bright ellipsoidal particle 
on their tip. The particle has the nearly same width as that of the PCNFs 
[88].
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FIGURE 8.3 SEM images of platelet carbon nanofibers film. (a) SEM image of PCNFs 
film (b) Energy dispersive X-ray spectrometry (EDXS) of a light particles (indicated by 
_A_ in (a)) on the top of a fiber. (c) The size of a typical PCNFs, which shows the width 
(100–300 nm) and thick (30 nm) of the fiber (d) surface morphology of a PCNF.

Herringbone-type carbon nanofi bers (CNFs) are a special kind of CNF 
with angles between the graphene plane direction and the axis of CNFs 
in the range of 0–90°. Theoretical calculations indicate that this type of 
nanofi ber may exhibit some excellent properties, such as enhanced fi eld 
emission, caused by the open edge sites, Aharonov–Bohm magnetic ef-
fects and magneto conductance, and localized states at the Fermi level 
may give rise to materials with novel electronic and magnetic properties 
Moreover, they can be expected to be used as absorbent materials, catalyst 
supports, gas storage materials and composite fi llers, due to their special 
structural characteristics. Herringbone-type CNFs with large diameter and 
a very small or completely hollow core have been synthesized through a 
catalytic chemical vapor deposition (CVD) method [38].

8.7 POLYACRYLONITRILE BASED CARBON NANOFIBERS

As we discuss there are various methods to produce carbon nanofibers or 
carbon nanotubes, for example, vapor growth [89], arc discharge, laser 
ablation and chemical vapor deposition [28, 89]. However, these are very 
expensive processes owing to the low product yield and expensive equip-
ment. Preparation carbon nanofiber by electrospinning of proper precur-
sors is preferred because of its lower cost and more output [90].
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Polyacrylonitrile is a common precursor of general carbon nanofi bers. 
As described in the previous section, PAN is the most common Polymer 
for the preparation of CNFs due mainly to its relatively high melting point 
and carbon yield and the ease of obtaining stabilized products by forming 
a thermally stable structure. Additionally, the surface of PAN-based CNFs 
can be modifi ed and functionalized using a coating or activation process 
[18]. Moreover, PAN can be blended with other polymers (miscible or im-
miscible) to carry out coelectrospinning or be embedded with nanoscale 
components (e.g., nanoparticles, nanowires, nanotubes or catalysts) to 
obtain multiphase precursors and subsequently to make composite CNFs 
through high-temperature treatment.

PAN nanofi bers were produced using electrospinning by dissolving 
polyacrylonitrile in N, N-dimethylformamide (DMF) solution. The spin-
ning can be carried out for 8, 10, 13, 15 & 20% (by weight) concentrations 
at different voltages, fl ow rates, varying distance between needle and col-
lector and at different needle diameters [91]. Z. Kurban et al. have synthe-
sized CNF by heat treatment of electrospun Polyacrylonitrile in dimethyl-
sulphoxide, offering a new solution route of low toxicity to manufacture 
sub-60 nm diameter CNFs [28, 92].

After that PAN nanofi ber would be stabilized and carbonized which 
will be discussed later. During the stabilization, PAN was stretched to im-
prove the molecular orientation and the degree of crystallinity to enhance 
the mechanical properties of the fi bers [85].

Chun et al. [93] produced carbon nano fi bers with diameter in the range 
from 100 nm to a few microns from electrospun polyacrylonitrile and me-
sophase pitch precursor fi bers. Wang et al. [94, 95] produced carbon nano-
fi bers from carbonizing of electrospun PAN nanofi bers and studied their 
structure and conductivity. Hou et al. [96] reported a method to use the 
carbonized electrospun PAN nanofi bers as substrates for the formation of 
multiwall carbon Nanotubes. Kim et al. [14, 97] produced carbon nano-
fi bers from PAN-based or pitch-based electrospun fi bers and studied the 
electrochemical properties of carbon nanofi bers web as an electrode for 
supercapacitor.

Sizhu wu et al. [85] electrospun PAN nanofi bers from PAN solution in 
dimethylformamide (DMF) and hot-stretched them by weighing metal in 
a temperature controlled oven to improve its crystallinity and molecular 
orientation, and then were converted to carbon nanofi bers by stabilization 
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and carbonization. PAN was stretched to improve the molecular orienta-
tion and the degree of crystallinity to enhance the mechanical properties 
of the fi bers. The hot-stretched nanofi ber sheet can be used as a promising 
precursor to produce high-performance carbon nanofi ber composites.

Several research efforts have been attempted to prepare the electrospun 
PAN precursor nanofi bers in the form of an aligned nanofi ber bundle [50, 
98]. The bundle was then tightly wrapped onto a glass rod, so that tension 
existed in a certain degree during the oxidative stabilization in air.

TABLE 8.3 Polyacrylonitrile /DMF Solution Properties

Viscosity 
(Cp)

Temperature 
(°C)

Conductivity 
(μs)

Surface 
tension

(m N/m) 

Solution com-
position

Reference

Polymer DMF

8% 333.3 20.8 39.0 72.9 8.0 [99]

10% 1723.0 22.0 43.2 77.0 10.0 [100]

13% 2800.0 21.4 50.0 97.6 13.0 [101]

15% 3240.4 23.3 56.7 105.0 15.0 [102]

20% 3500 21.1 58.0 122.5 20.0 [102]

The mechanical resonance method and Weibull statistical distribution 
can be used to analyze the mechanical properties (i.e., bending modulus 
and fracture strength) of CNFs. Using these methods, Zussman et al. [103] 
found that the stiffness and strength of CNFs were inferior to those of 
commercial PAN-based carbon fi bers. The average bending modulus of 
individual CNFs was 63 GPa, lower than the lowest tensile modulus (230 
GPa) for commercial High-strength PAN-based carbon fi bers. Neverthe-
less, Zussman et al. [103] pointed out that the mechanical properties had 
the potential to be signifi cantly improved if the microstructure of precur-
sor nanofi bers and thermal treatment process were optimized.

8.8 ELECTROSPINNING METHODOLOGY

Electrospinning is a process involving polymer science, applied physics, 
fluid mechanics, electrical, mechanical, chemical, material engineering 
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and rheology [104]. It has been recognized as an efficient technique for 
the fabrication of fibers in nanometer to micron diameter range from poly-
mer solutions or melts [105]. In a typical process, an electrical potential 
is applied between a droplet of polymer solution or melt held at the end 
of a capillary and a grounded collector. When the applied electric field 
overcomes the surface tension of the droplet, a charged jet of polymer so-
lution or melt is ejected. The jet grows longer and thinner due to bending 
instability or splitting [83] until it solidifies or collects on the collector.

The fi ber morphology is controlled by the experimental parameters and 
is dependent upon solution conductivity, concentration, viscosity, poly-
mer molecular weight, applied voltage, etc. [34, 106] much work has been 
done on the effect of parameters on the electrospinning process and mor-
phology of fi bers.

Sinan Yördem et al. [107] reported that the fi ber diameter increased 
with increasing polymer concentration according to a power law relation-
ship. Filtering application [108] is also affected by the fi ber size. There-
fore, it is important to have control over the fi ber diameter, which is a 
function of material and process parameters.

Deitzel et al. [109] reported a bimodal distribution of fi ber diameter 
for fi bers spun from higher concentration solution. Boland et al. [110] ob-
tained a strong linear relationship between fi ber diameter and concentra-
tion in electrospun poly(glycolic acid) (PGA). Ryu et al. [111] and Katti 
et al. [112] also reported a signifi cant relationship between fi ber diameter 
and concentration in electrospinning process. For the effect of applied 
voltage, Reneker et al. [113] obtained a result that fi ber diameter did not 
change much with electric fi eld when they studied the electrospinning be-
havior of polyethylene oxide. Mo et al. and Katti et al. [112] reported that 
fi ber diameter tended to decrease with increasing electrospinning voltage, 
although the infl uence was not as great as that of polymer concentration. 
But Demir et al. [114] reported that fi ber diameter increased with increas-
ing electrospinning voltage when they electrospun polyurethane fi bers.

Sukigara [115] studied the effect of electrospinning parameters (elec-
tric fi eld, tip-to-collector distance and concentration) on the morphology 
and fi ber diameter of regenerated silk from Bombyx mori using response 
surface methodology and concluded that the silk concentration was the 
most important parameter in producing uniform cylindrical fi bers less than 
100 nm in diameter.
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In order to optimize and predict the morphology and average fi ber di-
ameter of electrospun PAN precursor, design of experiment was employed. 
Morphology of fi bers and distribution of fi ber diameter of PAN precursor 
were investigated varying concentration and applied voltage [116].

Another advantage of the electrospinning is that it can be used to pro-
duce a web structure [117]. When used as an electrode, it does not need a 
second processing step adding a binder and an electric conductor such as 
carbon black. Therefore, the webs from electrospinning have important 
advantages such as an ease of handling, an increase in the energy density 
due to large specifi c surface area, an improvement of the conductivity due 
to increased density of the contact points, and low cost of preparations of 
the electrodes [14].

During the electrospinning process, the droplet of solution at the capil-
lary tip gradually elongates from a hemispherical shape to a conical shape 
or Taylor cone as the electric fi eld is increased. A further increase in the 
electric fi eld results in the ejection of a jet from the apex of the cone. The 
jet grows longer and thinner until it solidifi es and collects on the collector. 
The fi ber morphology is controlled by process parameters. In this study 
the effect of solution concentration and applied voltage on fi ber morphol-
ogy and average fi ber diameter were investigated. Polymer concentration 
was found to be the most signifi cant factor controlling the fi ber diameter 
in the electrospinning process [78] (Table 8.4).

TABLE 8.4 The Electrospinning Conditions that Gave the Best Alignment of the 
Nanofibers [116]

Concentration
(Wt%)

Tip to target
distance (cm)

Voltage
(kv)

Width of gap
(cm)

Fiber diameter (nm)

10 15 9 1 165±25

11 15 9 1.2 205±25

12 20 9.5 1.5 245±20

13 20 10 2.2 255±30

14 20 11 2.5 300±30

15 20 11 3 400±40
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8.9 ELECTROSPINNING OF PAN SOLUTION

The proper solvent has to be selected for dissolving a polymer source com-
pletely before carrying out the electrospinning. DMF is considered to be 
the best solvent among various organic solvents due to its proper boiling 
point (426K) and enough electrical conductivity (electrical conductivity 
= 10.90 mS/cm, dipole moment = 3.82 Debye) for electrospinning [1, 41, 
95, 98]. This mixture should be vigorously stirred by an electromagneti-
cally driven magnet at around 60 °C until it becomes a homogeneous poly-
mer solution. Different concentrations of PAN solution (8–20% (wt)) can 
be used [91] (Fig. 8.4).

The following parameters affect the PAN solution electrospinning:

FIGURE 8.4 Classifications of parameters affect PAN solution electrospinning.

The electrospinning equipment for PAN solution can act with two 
different collectors, stationary and rotating drum. One important physi-
cal aspect of the electrospun PAN nanofi bers collected on the grounded 
collectors is their dryness from the solvent used to dissolve the polymer, 
i.e., DMF. At the distances of tip to target of 5 and 7.5 cm, the structures 
of nanofi bers were not completely stabilized and consequently the cross-
sections of spun nanofi bers became more fl at and some nanofi bers shuck 
together and bundles of nanofi bers were collected. At the distances of tip 
to target of 15 cm and longer, the nanofi bers exhibited a straight, cylindri-
cal morphology indicating that the nanofi bers are mostly dry when they 
have reached the target [118]. Another important factor is electrospinning 
distance, as we know a certain minimum value of the solution volume 
suspended at the end of the needle should be maintained in order to form 
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an equilibrium Taylor cone. Therefore, different morphologies of electros-
pun nanofi bers can be obtained with the change in feeding rates at a given 
voltage. Jalili et al. [118] proved that at lower feeding rate of 2 mL/h, a 
droplet of solution remains suspended at the end of the syringe needle and 
the electrospinning jet originates from a cone at the bottom of the droplet. 
The nanofi bers produced under this condition have a uniform morphology 
and no bead defect was present. At lower feeding rate of 1 mL/h, the solu-
tion was removed from the needle tip by the electric forces, faster than the 
feeding rate of the solution onto the needle tip. This shift in the mass bal-
ance resulted in sustained but unstable jet and nanofi bers with beads were 
formed (Fig. 8.5).

FIGURE 8.5 Electrospinning apparatus with (a) a stationary, grounded target; and (b) a 
rotating grounded target.

Studies confi rmed that PAN nanofi bers were formed by varying the 
solution concentration, voltage, solution fl ow rate and distance between 
needle and collector. The morphology of the PAN fi bers for 10, 15, and 
20% concentrations were studied using SEM and is shown in Fig. 8.6 (a–
c), respectively [91]. As the concentration of the solution was increases, 
the diameter of the fi ber was also increases.
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FIGURE 8.6 SEM analysis of PAN fibers for 10, 15 & 20% concentration.

Ma et al. [119] demonstrated a facile method for the preparation of po-
rous ultrafi ne nanofi bers of PAN as a precursor for carbon nanofi ber. They 
prepared the PAN/NaHCO3 composite nanofi bers by electrospinning, and 
then NaHCO3 was removed by a selective dissolution and reaction with 
the solution of hydrochloric acid (10 wt %). The obtained PAN fi bers 
showed highly porous surfaces after the extraction of NaHCO3.

For many applications, it is necessary to control the spatial orientation 
of 1D nanostructure. In the fabrication of electronic and photonic devices, 
for example, well aligned and highly ordered architectures are often re-
quired [120, 121]. Even for application as fi ber-based reinforcement, it is 
also critical to control the alignment of fi bers [50]. Because of the bending 
instability associated with a spinning jet, electrospun fi bers are often de-
posited on the surface of collector as randomly oriented, nonwoven mats. 
The whipping instability is mainly caused by the electrostatic interactions 
between the external electric fi eld and the surface charges on the jet. The 
formation of fi bers with fi ne diameters is mainly achieved by the stretch-
ing and acceleration of the fl uid fi lament in the instability region [98]. In 
the past several years, a number of approaches have been demonstrated to 
directly collect electrospun nanofi bers as uniaxially aligned arrays [50, 98, 
120–122]. The most popular method of obtaining aligned fi bers is by using 
rotating drum target.

The aligned fi ber mechanism behind the rotating drum technique is as 
follows:

When a linear speed of the rotating drum surface, which serves as a 
fi ber take-up device, matches that of evaporated jet depositions, the fi bers 
are taken up on the surface of the drum tightly in a circumferential manner, 
resulting in a fair alignment. Such a speed can be called as an alignment 
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speed. If the surface speed of the cylinder is slower than the alignment 
speed, randomly deposited fi bers will be collected, as it is the fast chaos 
motions of jets determine the fi nal deposition manner. On the other hand, 
there must be a limit rotating speed above which continuous fi bers cannot 
be collected since the over fast take-up speed will break the fi ber jet. The 
reason why a perfect alignment is diffi cult to achieve can be attributed to 
the fact that the chaos motions of polymer jets are not likely to be consis-
tent and are less controllable [91].

8.10 STABILIZATION

The next step in preparing carbon nanofiber is stabilization. In stabiliza-
tion, in order to prevent precursor fibers fusing together during carbon-
ization, the thermoplastic precursor nanofibers are converted to highly 
condense thermosetting fibers by complex chemical and physical reac-
tions, such as dehydrogenation, cyclization and polymerization [54]. If 
the temperature is raised too rapidly during polymerization, a very large 
amount of heat will be released leading to a loss of the orientation and 
melting of the polymer. Therefore, the heating rate during stabilization is 
usually controlled at a relatively low value (e.g., 1 °C min−1). It is noted 
that external tension is necessary during stabilization to avoid shrinkage 
of the fibers and to maintain the preferential orientation of the molecules 
along the fiber axis [41].

Stabilization process which is carried out in air (oxidative stabiliza-
tion) constitutes the fi rst and very important operation of the conversion of 
the PAN fi ber precursor to carbon as well as activated carbon fi ber. During 
stabilization, the precursor fi ber is heated to a temperature in the range of 
180–300 °C for over an hour. Because of the chemical reactions involved, 
cyclization, dehydrogenation, aromatization, and oxidation and cross link-
ing occur and as a result of the conversion of CΞ N bonds to C=N bonds 
fully aromatic cyclized ladder type structure forms [36, 49].

This new structure is thermally stable (infusible). Also, it has been 
reported that during stabilization, CH2 and CN groups disappear while 
C=C, C=N and = C–H groups form. At the same time the color of pre-
cursor fi ber changes gradually and fi nally turns black when carbonized 
[36]. Research shows that optimum stabilization conditions lead to high 
modulus carbon fi bers. Too low temperatures lead to slow reactions and 
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incomplete stabilization, whereas too high temperatures can fuse or even 
burn the fi bers [49, 93, 117, 123]

8.11 CARBONIZATION

Carbonization is the last step for producing carbon nanofiber [49, 124]. 
It involves cross linking, reorganization and the coalescence of cyclized 
sections accompanying the structural transformation from a ladder struc-
ture to a graphite-like one and a morphological change from smooth to 
wrinkle. This process needs to be carried out in a dynamic inert gas atmo-
sphere (e.g., nitrogen and argon), which can prevent oxidation, remove 
the pyrolysis products (i.e., volatile molecules such as, H2O, H2, HCN, 
N2, NH3 and CO2) and transfer energy. Vacuum carbonization can also be 
employed, but the degree of carbonization is lower than that in nitrogen 
or argon. Furthermore, fiber shrinkage occurs during carbonization. Fiber 
shrinkage may further lead to the formation of a large number of pits on 
the surface of CNFs having a deleterious effect on their appearance [41].

During this process, the noncarbon elements remove in the form of 
different gasses and the fi bers shrink in diameter and lose approximately 
50% of its weight [54].

Wang et al. [125] proved that the conductivity of PAN-based carbon 
nanofi bers produced by electrospinning increases sharply with the pyrol-
ysis temperature, and also increases considerably with pyrolysis time at 
lower pyrolysis temperatures.

The stabilized nanofi ber would be subsequently carbonized at a tem-
perature around 1000 °C in an inert (high purity nitrogen gas) environment 
with the heating rate 1–2°C/min [34, 50, 116]. Zhou, et al. reported that the 
carbonized PAN nanofi ber bundles can be further carbonized in vacuum 
at relatively high temperatures between 1400 °C to 2200 °C. A Lindberg 
high temperature reactor with inside diameter and depth of 12 cm and 25 
cm, respectively, can be used for conducting the high-temperature carbon-
ization; and the heating rate must be set at 5 °C/min. All of the carbonized 
PAN nanofi ber bundles must be held at the respective fi nal temperatures 
for 1 h to allow the carbonization to complete [50].

The optimum processing conditions (i.e., temperature and time) for 
stabilization and carbonization can be investigated using TGA. Micro 
structural parameters for CNFs and ACNFs, such as integrated intensity 
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ratio of D and G peaks (RI), interlayer spacing (d002), crystallite size, 
molecular orientation and pore characteristics, which are of great signifi -
cance for fi nal applications, can be analyzed with Fourier transform in-
frared (FTIR) spectroscopy, Raman spectroscopy, XRD, electron energy 
loss spectroscopy (EELS), transmission electron microscopy (TEM) and 
isothermal nitrogen adsorption/desorption [35, 49, 123]. The disappear-
ance of peaks of functional groups in FTIR spectra and a very broad dif-
fraction peak at a 2θ value of about 24° in XRD can demonstrate the con-
version from the as-spun nanofi bers to CNFs. The disappearance of peaks 
of functional groups in FTIR spectra and a very broad diffraction peak at 
a 2θ value of about 24° in XRD can demonstrate the conversion from the 
as-spun nanofi bers to CNFs. The degree of carbonization can be evaluated 
with Raman spectroscopy, EELS and XRD. In Raman spectra, the lower 
the RI value, the higher the degree of the transformation from disordered 
carbon to graphitic carbon and the fewer the number of defects in the 
CNFs. The in plane graphitic crystallite size (La) can be further calculated 
from RI according to the equation La = 4.4/RI (nm) [90, 126, 127]. In 
EELS, the degree of carbonization can be monitored by analyzing the con-
tents of sp2 bonds (structural order) and sp3 bonds (structural disorder). 
In XRD spectra, the average crystallite dimensions (e.g., Lc (002) and La 
(110)) and d002 can be calculated using the Scherrer and Bragg equations. 
It is noticed that micro structural parameters measured from XRD and 
Raman spectra are usually inconsistent due to the different measurement 
mechanisms; that is, XRD provides average bulk structural information, 
whereas Raman spectroscopy gives structural information merely within 
the surface layer (ca 10 nm). The commonly observed core–shell structure 
of CNFs can be clearly inspected using high-resolution TEM. The specifi c 
surface area and average pore size of CNFs can be measured based on 
the Brunner–Emmett–Teller (BET) method. Mesopore and micropore size 
distribution can be obtained using the Barrett–Joiner–Halenda (BJH) and 
Horvath–Kawazoe (HK) methods, respectively [41] (Fig. 8.7).

The morphology of as spun, stabilized and carbonized electrospun 
15% PAN fi bers are studied using scanning electron microscopy (Fig. 8.8 
(a–c)) [91]. All these fi gures show the formation of random fi bers. The 
diameter of the fi ber decreases with increase in stabilization and carbon-
ization temperatures.
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FIGURE 8.7 SEM analysis of as spun, stabilized and carbonized PAN fibers 
(magnification of 5000x).

FIGURE 8.8 Stabilized samples in different temperatures a) 180, b) 200, c) 220, d) 250, 
e) 270 °C.

A problem during the heat treatment of the web of these nanofi bers is 
that crack and wrinkle occur on a sheet only when holding on a metal plate 
because the nanofi ber sheet cannot be shrunk. Using a fi xing frame, which 
holds the sheet and prevents it from shrinkage can keep the structure safe 
[128] (Fig. 8.9).
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FIGURE 8.9 Process of PAN stabilization and subsequent carbonization.

8.12 COMPARISON OF STABILIZATION AND 
CARBONIZATION

The average diameter of the stabilized PAN nanofibers appeared to be 
almost the same as that of the as-electrospun nanofibers, while the av-
erage diameters of the carbonized PAN nanofibers were significantly 
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reduced [14]. With increase of the final carbonization temperature, the 
carbon nanofibers became more graphitic and structurally ordered. The 
microstructure of the low-temperature (1000 °C) carbonized nanofibers 
was primarily turbostratic and the sheets of carbon atoms were folded and/
or crumpled together, while the microstructure of the high-temperature 
(2200 °C) carbonized nanofibers was graphitic and the grapheme sheets 
stacked together to form ribbon-shaped structures [62].

Both electrical conductivities and mechanical properties of the carbon 
nanofi ber increased with the increase of the fi nal carbonization temper-
ature. It is noteworthy that the electrical conductivities and mechanical 
properties of the carbon nanofi ber cannot be directly interpreted as those 
of individual nanofi bers in the bundles [35, 123].

In order to develop carbon nanofi bers with superior mechanical prop-
erties particularly tensile strength, the electrospun PAN precursor nano-
fi bers have to be extensively stretched; the stabilization (and probably 
carbonization as well) has to be conducted under optimal tension; and the 
PAN copolymer instead of homopolymer has to be used as the precursor 
because the electrospun carbon nanofi bers with superior mechanical and 
electrical properties are expected to be an innovative type of nanomate-
rials with many potential applications [50]. Commercial PAN Precursor 
fi bers are usually drawn prior to stabilization in order to reduce the prob-
ability of encountering a critical fl aw during thermal treatment. However, 
few studies have applied stretching to electrospun precursor nanofi bers 
before stabilization [129]. Additionally, although aligned nanofi bers with 
various degrees of alignment have been obtained by using various modi-
fi ed collecting devices, tension is rarely applied to the nanofi ber assembly 
during stabilization to prevent shrinkage of the fi bers and to ensure mo-
lecular orientations along the fi ber axis to a large extent. Therefore, there 
is still considerable room for further improvement of the micro structural, 
electrical and mechanical properties of the fi nal CNFs. Considering the 
increased interest in electrospinning and the wide range of potential appli-
cations for electrospun CNFs, commercialized products can be expected 
in the future [41, 129].

8.13 FT-IR STUDY OF PAN AND STABILIZED PAN FIBER

IR spectra are considered as tool for determination the chemical interac-
tion during heat treatment on PAN fibers. By using of these spectra, it 
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is possible to study the relation between chemical changes and strength, 
aromatic index and fiber contraction during fabrication process. But ana-
lyzing these relations is so difficult because the intensity of bonds used for 
analysis depends on samples type, form and the way of preparation. The 
study of FT-IR spectra of PAN fibers sample with different co monomers 
shows that during stabilization of PAN fibers, the peaks related to C≡N 
bonds and CH2 are reduced sharply. These reductions are related to cycli-
zation of nitrile groups and stabilization procedure [54].

FT-IR spectra of PAN fi bers have many peaks which related to exis-
tence of CH2, C≡N, C=O, C−O and C−H bonds. The absorption peaks 
are in range of 2926–2935 cm–1 are related to C−H bonds in CH, CH2 and 
CH3 but in this range the second weak peak is observed which is related 
to C-H bonds also. Another peak is observed in the range of 2243–2246 
cm–1, which is related to presence nitrile (C≡N) bonds and indicates the 
nitrile group exists in polyacrylonitrile chain. The absorption peaks in the 
ranges of 1730–1737 cm–1 and 1170 cm–1 are related to C=O or C−O bonds 
and are resulted from presence of comonomers like MA. Absorption in the 
range of 1593–1628 cm–1 is related to resonance C−O bonds. The peaks in 
the range of 1455–1460 cm–1 is related to tensile vibration and peaks in the 
range of 1362–1382 cm–1 and range of 1219 cm–1 are related to vibration 
in different situation [54, 130].

After stabilization, links in the range of 2926–2935 cm–1 are reduced 
which are related to CH2 bond. These links are weakened and with some 
displacement are observed in the range of 2921–2923 cm–1. Additionally 
these bonds in the range of 1455–1460 cm–1 are mainly omitted or would 
be reduced which is related to CH2 bonds too. Also, the main reduction is 
observed in links in the range of 2243–2246 cm–1 which is resulted from 
the change C≡N bonds and their conversion to C=N. C≡N peak is weak-
ened in stabilized samples or completely would be removed [54, 131]. 
New peaks in the range of 793–796 cm–1 are created as the result of =C−H 
bond formation. Increasing the intensity of =C−H groups and reduction of 
intensity of CH2 groups shows that =C−H is created during aromatization 
of structure in the presence of oxygen.

During the stabilization step, the absorption peaks in the ranges of 
1730–1737 cm–1 and 1170 cm–1 (related to C=O or C−O bonds) and two 
groups of peaks in the ranges of 1362–1382 cm–1 and 1219 cm–1 (related 
to C−H in different situation) mainly are removed in types of fi bers. In the 
range of 670 cm–1, some changes are observed which are not related to 
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chemical changes of PAN fi bers during oxidized stabilization. It is believe 
that this issue is may be related to different modes of CN and C−CN bonds 
appearance in FT-IR [130].

8.14 CNF FROM OTHER TYPE OF PRECURSORS

Many investigations shave dealt with PAN-based CNFs, as presented 
above. However, other precursors (e.g., pitch, PVA, PI and PBI) have also 
been used successfully to prepare electrospun CNFs. Pitch is generally 
obtained from petroleum asphalt, coal tar and poly(vinyl chloride) with 
a lower cost and a higher carbon yield compared with PAN [41]. Pitch is 
generally obtained from petroleum asphalt, coal tar and poly (vinyl chlo-
ride) with a lower cost and a higher carbon yield compared with PAN. 
However, impurities in the pitch are required to be fully removed to obtain 
high-performance carbon fibers leading to a great increase in the cost. 
Therefore, there have been limited studies on electrospun pitch-based car-
bon microfibers [93].

The diameter of the electrospun pitch fi bers was in the micrometer 
range and diffi cult to become thinner due to the low boiling point (65–
67 °C) of the solvent tetrahydrofuran (THF). Electrical conductivity was 
increased on increasing the carbonization temperature from 0 (700 °C) to 
83 S cm−1 (1200 °C).

PVA, another thermoplastic precursor, allows the preparation of CNFs 
through thermal treatment processes [132]. Unlike thermoplastic precur-
sors, electrospun thermosetting nanofi bers can directly undergo carbon-
ization for preparing CNFs without the need of the costly stabilization 
process. Therefore, they have gained increasing attention in recent years. 
For example, electrospun PI-based CNFs were prepared by Kim et al. The 
electrical conductivity of the CNFs carbonized at 1000 °C was measured 
to be 2.5 S cm−1, higher than that (1.96 S cm−1) of PAN-based CNFs treated 
at the same carbonization temperature [90]. PBI and PXTC are other pre-
cursors for CNF preparation [41].

Another thermosetting polymer precursor (PXTC) in the form of 
aligned nanofi ber yarn (parallel with the electric fi eld lines), which was 
several centimeters long, was obtained by electrospinning merely using 
a conventional fl at aluminum plate as the collector. The formation of the 
yarn might result from the ionic conduction of PXTC. The presence of 
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D and G peaks in the Raman spectra demonstrated a successful conver-
sion from electrospun PXTC yarn to CNFs in the temperature range from 
600 to 1000 °C, while the yarn carbonized at 500 °C did not show these 
two peaks in the Raman spectra [41]. The mole fraction of graphite for 
the carbonized nanofi bers was determined to be 0.21–0.24, less than that 
(0.25–0.37) obtained by Wang et al. [126] for PAN-based CNFs treated 
from 873 to 1473K, showing a lower degree of carbonization. Depending 
on the properties of the precursor nanofi bers and subsequent high-temper-
ature treatment processes, diverse microstructural and electrical properties 
have been achieved [41].

8.15 ACTIVATION

The most principal disadvantage of CNFs is its relatively low surface area 
and porosity (around 10–200 m2/g), which limit the applications of these 
materials like hydrogen storage or catalyst support; therefore is necessary 
increase the surface area to improve the yield in these materials. It is con-
ceivable that CNF webs consisting of CNFs with porous surfaces, which 
are obtained through the activation of electrospun PAN-based CNFs, can 
lead to a significant expansion of applications of CNFs, such as in elec-
trode materials, high-temperature filtration and removal of toxic gases.

The surface area can be modifying by means of activation process in 
which a part of structural carbon atoms are eliminated (mainly, the most 
reactive) by an activate agent. As consequence, the porosity and surface 
area increase and so, their applications as hydrogen storage or catalyst 
support improve [55].

Barranco et al. [86] expressed that Activation does not produce any im-
portant change in the shape, surface roughness, diameter, graphene sheet 
size, and electrical conductivity of starting nanofi bers; it leads to new mi-
cropores and larger surface areas as well as a higher content of basic oxy-
gen groups.

During the activation treatment, high porosity is formed within the 
material through the interaction of activating agents (usually oxidizing 
medium like steam, carbon dioxide, etc.) with carbon structures. By this 
interaction, the surface chemical properties are altered or transformed to 
some extent [133].
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It is known there are still some amounts of nitrogen left in the struc-
tures of carbon fi bers, which exist in various types of nitrogen functional-
ities after the carbonization treatment. These functionalities were bounded 
or attached to the edge parts of the carbon structures. During activation 
treatment, these edge parts would be preferentially attacked by the oxidiz-
ing agents, which probably led to the removal of these edge structures. 
Due to this effect, the surface nitrogen level decreased upon activation 
treatment. Wang et al. suggested that the activation treatment in steam 
helps the elimination of nitrogen from the carbon structure [133].

Comparatively to nanotubes, nanofi bers present a nanostructure made 
of grapheme layer stacking which is favorable to activation. Two activa-
tion systems can be used for activated carbon nanofi bers: physical activa-
tion by CO2 or heat, and chemical activation by KOH or RbOH [134, 135]. 
A range of potential adsorbents was thus prepared by varying the tempera-
ture and time of activation. The structure of the CNF proved more suitable 
to activation by KOH than by CO2, with the former yielding higher surface 
area carbons (up to 1000 m2 g–1).

Depending on the fi nal application of the activated materials, it is pos-
sible to control their pore structure by choosing the suitable activation 
conditions. The increased surface area, however, did not correspond di-
rectly with a proportional increase in hydrogen adsorption capacity. Al-
though high surface areas are important for hydrogen storage by adsorp-
tion on solids, it would appear that it is essential that not only the physical, 
but also the chemical, properties of the adsorbents have to be considered in 
the quest for carbon based materials, with high hydrogen storage capaci-
ties [106, 136].

8.15.1 PHYSICAL ACTIVATION

Physical activation involves carbonization of a carbonaceous precursor 
followed by gasification of the resulting char or direct activation of the 
starting material in the presence of an activating agent such as CO2, steam 
or a combination of both, that among them steam activation is more com-
mon. This gasification or activation process eliminates selectively the most 
reactive carbon atoms of the structure generating the porosity [56, 129].

Steam is widely used as an activating agent for fabricating ACNFs 
because of its low cost and environmentally friendly character. Kim and 
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Yang [14] reported that the specifi c surface area of steam-activated carbon 
nanofi bers (steam-ACNFs) decreased with increasing activation tempera-
ture (from 700 to 850 °C) due to the unifi cation of micropores at elevated 
temperatures, whereas the electrical conductivity of ACNF electrodes and 
the accessibility of ions were increased according to cyclic voltammetry 
curves and impedance Nyquist plots.

For physical activation, about 2 g of CNF are placed in the center of 
a quartz tube in a tube furnace. Then the CNF are heated to the required 
reaction temperature (800–1000 °C) under neutral environment, for a re-
action time of 15–45 min. The sample is then allowed to cool under argon 
[106]. The ACNFs activated at 800 °C afforded the highest specifi c sur-
face area but low mesopore volume [137]. After activation, the average 
diameters of the fi bers decreased about 100 nm compared with the CNFs 
without activation process. The reduction in diameter may be a conse-
quence of the subsequent carbonization and burn-off through activation 
at elevated temperatures. However, no severe shrinkage is found in the 
ACNFs. Therefore, activation does not create defects on the surfaces; al-
though the roughness of the ACNF surfaces is somewhat increased and 
nano-sized fi bers are created [137] (Fig. 8.10).

FIGURE 8.10 The procedure of manufacturing carbon fibers and silica-activated carbon 
fibers.
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A representative case of physical activation is activation with silica, 
reported by Im et al. [138]. The activation agent was embedded into the 
fi bers and then removed by physically removing the agents. The process 
of activation by silica is presented in Fig 8.11. The silica-activated carbons 
nanofi bers are shown in Fig. 8.12. The pores generated by physical activa-
tion are clearly observed.

FIGURE 8.11 Silica-activated carbon nanofibers [138].

8.15.2 CHEMICAL ACTIVATION

In addition to the steam activation, activating agents (e.g., KOH, ZnCl2, 
NaOH, Na2CO3, K2CO3, SiO2) can also be used for activation of CNFs 
[41]. In chemical activation the precursor is impregnated with a given 
chemical agent and, after that, is pyrolyzed. As a result of the pyrolysis 
process, a much richer carbon content material with a much more ordered 
structure is produced, and once the chemical agent is eliminated after 
the heat treatment, the porosity is so much developed. Several activating 
agents have been reported for the chemical activation process: phosphoric 
acid, zinc chloride and alkaline metal compounds [42, 55, 56, 60, 106, 
134–136, 139].
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Phosphoric acid and zinc chloride are activating agents usually used 
for the activation of lignocellulosic materials which of coal precursors 
or chars have not been previously carbonized. Contrarily, alkaline metal 
compounds, usually KOH, are used for the activation (Table 8.5).

TABLE 8.5 Surface Area and Yield to Different Activating Agents [55]

Mg(OH)2KHCO3K2CO₃NaOHKOHInitial CNFSActivating agents

173.8233.0261.0177.0407.5127.0Surface area (m²/g)

77.567.262.776.255.1-Yield (%)

An important advantage of chemical activation is that the process nor-
mally takes place at a lower temperature and shorter time than those used 
in physical activation. In addition, it allows us to obtain very high surface 
area activated carbons. Moreover, the yields of carbon in chemical activa-
tion are usually higher than in physical activation because the chemical 
agents used are substances with dehydrogenation properties that inhibit 
formation of tar and reduce the production of other volatile products [42, 
134].

However, the general mechanism for the chemical activation is not 
so well understood as for the physical activation. Other disadvantages of 
chemical activation process are the need of an important washing step be-
cause of the incorporation of impurities coming from the activating agent, 
which may affect the chemical properties of the activated carbon and the 
corrosiveness of the chemical activation process [56].

Im et al. [36] studied the hydrogen adsorption capacities of ACNFs 
activated using KOH (chemical activation; applied after carbonization) 
and ZnCl2 (physical activation; applied along with carbonization) with the 
volumetric method. Although KOH-activated CNFs had higher specifi c 
surface area and total volume than ZnCl2-activated CNFs, the ultra micro-
pore (0.6–0.7 nm) volume of ZC-W4 (PAN:DMF:ZnCl2 = 3:50:4 weight 
ratio) or ZC-W6 (PAN:DMF:ZnCl2 = 3:60:6 weight ratio) was much larg-
er than that of KOH-activated CNFs. ZC-W6 with the largest ultra micro-
spore volume (0.084 cm3 g−1) exhibited the highest hydrogen adsorption 
capacity. Therefore, it was concluded that hydrogen adsorption capacity 
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is mainly determined by ultra micropore (0.6–0.7 nm) volume. Beaded 
nanofi bers are generally unfavorable during the electrospinning process.

It is known that the traditional activation processes are relatively com-
plex and costly. To resolve this issue, it is possible to fabricate porous 
CNFs by precreating pores in the as-spun precursor nanofi bers, such as by 
choosing a particular solvent system, by changing the environmental hu-
midity or by using polymer mixtures, and then using a thermal treatment.

Cheng et al. produced chemically activated carbon nanofi bers based 
on a novel solvent-free co extrusion and melt-spinning of polypropylene-
based core/sheath polymer blends and their morphological and micro-
structure characteristics analyzed by scanning electron microscopy, atomic 
force microscopy (AFM), Raman spectroscopy, and X-ray diffractometry 
[139].

Kim et al. used the third strategy via the removal of a poly (methyl 
methacrylate) (PMMA) component during the carbonization of electros-
pun immiscible polymers (PAN and PMMA). The higher the PAN content, 
the fi ner the electrospun composite nanofi bers. The carbon surface was 
burned off by generating carbon monoxide and carbon dioxide from out-
side to inside by the following reactions (1–5) (here, M = Na or K) [140]:

 6 MOH + C↔2 M + 3H2 +2 M2CO3– (1)

 M2CO3 +C ↔M2O+2CO  (2)

 M2CO3↔M2O+CO2– (3)

 2 M + CO2 ↔ M2O + CO  (4)

 M2O + C ↔ 2 M + CO  (5)

TABLE 8.6 Comparisons of Preparation Processes for Electrospun CNFs and ACNFs 
Discussed in the Open Literature

Ref.ActivationCarbonizationStabilizationPrecursor

[36]–1050 °C(2h)250 °C (1h)PAN/DMF-ZnCl2

[36]750 °C(3h)–250 °C (1h)PAN/DMF-KOH

[141]–700 °C (1h)280 °C (5 h)PAN/DMF- si
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Ref.ActivationCarbonizationStabilizationPrecursor

[117]–750 °C(1h), 

1100 °C(1h)

350 °C (0.5h)PAN/DMF

[142]–1000 °C(1h)280 °C (1h)PAN/DMF

[90]–700, 800, 900 and 
1000 °C (1h)

280 °C (1h)PAN/DMF

[51]900 °C

(in CO2 for 1h)

700 °C (5 °C min–

1), 1 h))
285 °C (2, 4, 8, 16 
h)

PAN/DMF-CNT

[143]800 °C (0.5h)1000 °C (at a rate 
of 5 °C/min–1, 1h)

280 °C (1h)PAN/DMF-Mg

[91]–900 °C(1h)280 °C (1h)PAN/DMF

[54]–1200 °C

(10 min)

240 °C (2h)PAN/DMF

[1]–1000 °C

5 °C/min–1)

270 °C (1h)PAN-PVP/DMF

[126]–1200 °C

(0.5 h)

Not givenPAN/DMF

[50]–1000 °C

(2 °C/min 1 h), 
1400 °C 1800 °C, 
2200 °C (1 h)

280 °C (3h)PAN/DMF

[49]–1003–1350 °C125–283 °C (50 
min)

PAN/DMSO

[136]800, 850, and 
900 °C (in CO2 
for 1 h)

600 °C(0.5h)230 °C (2h)PAN/DMF

8.16 APPLICATIONS

Many promising applications of electrospun activated carbon nanofibers 
can be expected if appropriate micro structural, mechanical and electrical 
properties become available.

TABLE 8.6 (Continued)
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8.16.1 HYDROGEN STORAGE

Due to the exhaustion of gasoline or diesel fuel, new energy sources are 
necessary to be developed as an assistant or alternative energy. Among 
them, hydrogen gas is an attractive possibility to provide new solutions 
for ecological and power problem [144]. Hydrogen is least polluting fuel. 
Since it is difficult to store hydrogen, its use as a fuel has been limited 
[145–147]. The possibility of developing hydrogen into an environmen-
tally friendly, convenient fuel for transportation has lead to the search for 
suitable materials for its storage. The suitable media for hydrogen storage 
have to be light, industrial, and in compliance with national and interna-
tional safety laws. In the last few years, researchers have paid much atten-
tion on hydrogen adsorption storage in nanostructured carbon materials 
[5], such as activated carbon [148], carbon nanotubes [146], and carbon 
nanofibers. Carbon nanomaterials due to their high porosity and large sur-
face area have been suggested as a promising material for hydrogen stor-
age [6] (Table 8.7).

TABLE 8.7 Summary of Reported Hydrogen Storage Capacity of Carbon Nanofiber

Sample Purity T(K) P(Mpa) H2 (Wt %) Reference

GNF – 77–300 O.8–1.8 0.08 Ahn et al. [145]

GNF herringbone 298 11.35 67.58 Browning et al. [149]

GNF platelet 298 11.35 53.68 Browning et al. [149]

Vapor grown car-
bon fiber

298 3.6 <0.1 Tibbetts et al. [146]

CNF 77 12 12.38 Rzepka et al. [150]

ACNF

with CO2

300 11 0.33 Blackman et al. [106]

ACNF

with KOH

300 10 0.42 Blackman et al. [106]
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Rodriguez and Baker investigated that the hydrogen storage capacities 
of CNF at room temperature and pressures up to 140 bars were quantifi ed 
independently by gravimetric and volumetric methods, respectively [145, 
149, 150]. Ji Sun Im and Soo-Jin Park [36] studied the relation between 
pore structure and the capacity of hydrogen adsorption, textural properties 
of activated CNFs with micropore size distribution, specifi c surface area, 
and total pore volume by using BET (Brunauer–Emmett–Teller) surface 
analyzer apparatus and the capacity of hydrogen adsorption was evalu-
ated by PCT (pressure–composition–temperature) hydrogen adsorption 
analyzer apparatus with volumetric method.

They indicated that Even though specifi c surface area and total pore 
volume were important factors for increasing the capacity of hydrogen 
adsorption, the pore volume which has pore width (0.6–0.7 nm) was a 
much more effective factor than specifi c surface area and pore volume in 
PAN-based electrospun activated CNFs.

Chemically activated carbon nanofi ber with NaOH and KOH, were 
evaluated by Figueroa-Torres [5] for hydrogen adsorption at 77K and at-
mospheric pressure. Hydrogen adsorption reached values in the order of 
2.7 wt% for KOH activated carbon. The mechanism of formation of the 
porous nanostructures was found to be the key factor in controlling the 
hydrogen adsorption capacity of chemically activated carbon [134].

Loading of CNF with metallic particles can enhance the hydrogen 
storage capacity of it. The hydrogen storage behaviors of porous carbon 
nanofi bers decorated by Pt nanoparticles were investigated, It was found 
that amount of hydrogen stored increased with increasing Pt content to 3.4 
mass%, and then decreased [151].

Fuel cells are used to convert hydrogen, or hydrogen-containing fuels, 
directly into electrical energy plus heat through the electrochemical reac-
tion of hydrogen and oxygen into water. The process is that of electrolysis 
in reverse. Overall reaction [152]:

 2 H2 (gas) + O2 (gas) → 2 H2O + energy  (6)

Because hydrogen and oxygen gases are electrochemically converted 
into water, fuel cells have many advantages over heat engines. A simple 
example of a hydrogen fuel cell consists of an anode and a cathode with 
an electrolyte in-between that allows positive ions to pass through. Hydro-
gen fuel is fed to the anode and atmospheric oxygen is fed to the cathode. 
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When activated by a catalyst, usually platinum on the cathode itself, the 
hydrogen atoms separate into electrons and protons, which take different 
paths to the cathode. The electrons take a path through an electrical circuit 
and load, while the protons take a path through the electrolyte. When the 
electrons and protons meet again at the cathode, they recombine along 
with the oxygen atoms to produce water and heat. This process is illus-
trated in Figure below [153].

In order for a fuel cell to operate, it requires a constant supply of hy-
drogen. In transportation sector applications, this hydrogen must be stored 
locally in a safe and effi cient manner. One method to do this that is proving 
to be viable and able to meet the D.O.E. benchmark is that of a pressurized 
tank containing hydrogen physically adsorbed on carbon [153]. Hydro-
gen has a kinetic diameter of 0.289 nm, which is slightly smaller than the 
~0.335–0.342 nm interlayer spacing in carbon nanofi bers (see Fig. 8.12.) 
[149].

FIGURE 8.12 (a) Schematic representation of the structure of a carbon nanofiber; (b) 
enlarged section.

The principle application of a carbon nanofi ber hydrogen storage me-
dium is in a fuel tank for an integrated on-board fuel cell system with a 
polymer electrolyte membrane (PEM) fuel cell stack at its core and a hy-
drogen supply stored as adsorbed hydrogen in a pressurized tank contain-
ing carbon nanofi bers.
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In a PEM fuel cell, two half-cell reactions take place simultaneously, 
an oxidation reaction (loss of electrons) at the anode and a reduction reac-
tion (gain of electrons) at the cathode. These two reactions make up the 
total oxidation-reduction (redox) reaction of the fuel cell, the formation of 
water from hydrogen and oxygen gases [152]. The D.O.E.’s target bench-
marks for on-board hydrogen storage are based on a model hydrogen fuel 
cell powered vehicle to be able to travel 500 km without refueling and the 
metric that 3.1 kg of hydrogen would be required for a fuel cell powered 
car to travel those 500 km. Based on the 10–15wt% storage capability that 
has been demonstrated with properly prepared carbon nanofi bers, as illus-
trated earlier in this paper, this would result in a 10 full tank of hydrogen 
adsorbed carbon nanofi bers weighing between 21 and 31 kg with perhaps 
some additional weight required for the pressure valve and protective cov-
ering [154].

A new group of fuel cell is microbial fuel cells (MFCs), which is a nov-
el technology that produces electricity using bacteria as electrocatalysts. 
The performance of MFCs is infl uenced by the type of electrode, the elec-
trode distance, the type and surface area of their membrane, their substrate 
and their microorganisms. The most common catalyst used in cathodes is 
platinum (Pt). Ghasemi et al. applied chemically and physically activated 
carbon nanofi bers as an alternative cathode catalyst to platinum in a two-
chamber microbial fuel cell for the fi rst time [155].

The main reason suggested for improved hydrogen adsorption was that 
electrospun activated carbon nanofi bers might be expected to have an opti-
mized pore structure with controlled pore size. This result may come from 
the fact that the diameters of electrospun fi bers can be controlled easily, 
and optimized pore sizes can be obtained with a highly developed pore 
structure. To fi nd the optimized activation conditions, carbon nanofi bers 
were activated based on varying the chemical activation agents, reaction 
time, reaction temperature, and the rate of inert gas fl ow [156].

Porous carbon-nanofi ber-supported nickel nanoparticles also can be 
used as a promising material for hydrogen storage. It was found that the 
amount of hydrogen stored was enhanced by increasing nickel content [7] 
(Fig. 8.13).
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FIGURE 8.13 The mechanism of hydrogen adsorption using various carbon materials; 
(a) activated carbon, (b) single walled carbon nanotube, (c) graphite, (d) electrospun 
activated carbon nanofibers.

8.16.2 MEDICAL APPLICATIONS

CNTs and CNFs play an important role in nanomaterial research due to 
their mechanical, optical, electrical and structural properties. In the field 
of regenerative medicine, these nanofibers are becoming increasingly at-
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tractive as they can be modified to be integrated into human bodies for 
promoting tissue regeneration and treatment of various diseases [157]. 
Considering the excellent mechanical strength of CNTs and CNFs, it is 
natural that there are many studies focusing on using these carbon nano-
structures as reinforcing agents in composite materials, especially in bone 
scaffolds. Since natural neural tissues have numerous nanostructured fea-
tures (such as nanostructured extracellular matrices that neural cells inter-
act with), CNFs/CNTs which also have such nanofeatures and exceptional 
electrical, mechanical and biocompatible properties, are excellent candi-
dates for neural tissue repair. CNFs have excellent properties comparable 
to CNTs but at a lower cost and are fabricated through an easier scale-up 
process thus, CNFs have generated much interest in regenerative neural 
tissue engineering applications [157, 158].

Carbon nanostructures specially carbon nanofi bers provide a large sur-
face area with high surface energy which can easily increase the interac-
tion of nano scaffolds and cells and improve the performance of implant, 
this fact make them appropriate for nerve regeneration [159]. CNF and 
ACNF can be applied in drug delivery system too. Drug delivery is an 
emerging fi eld focused on targeting drugs or genes to a desirable group of 
cells. The goal of this targeted delivery is to transport a proper amount of 
drugs to the desirable sites (such as tumors, diseased tissues, etc.) while 
minimizing unwanted side effects of the drugs on other tissues. CNFs with 
the ability to cross cell membranes are good candidates to serve as drug 
delivery carriers to cells with high effi ciency [157].

Some methods were used to modify CNFs to improve their biocompat-
ibility properties and highlight some applications of these fi brous materi-
als in creating regenerative scaffolds and drug and gene delivery vehicles 
[105, 110, 117]. Despite the tremendous potential CNFs can bring, toxicity 
of these materials is one of the issues that remain to be fully studied. The 
human health hazards associated with exposure to carbon nanoparticles 
have not been fully investigated, especially their potential for genotoxic-
ity and carcinogenicity. Surprisingly, despite the current widespread use 
of carbon nanofi bers, toxicological studies have mainly focused on car-
bon nanotubes, and only a few studies have evaluated different carbon 
nanofi bers and their toxicity [79]. Importantly, the presence of unreacted 
catalysts in CNFs is a key factor promoting their toxicity so care should 
be taken when synthesizing CNFs. Clearly, toxicity effects of these fi bers 
when implanted or injected need further investigation. With continued 
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work from researchers, there is no doubt that these materials will become 
useful and safe to use for enhancing human health [108].

8.16.3 ENERGY STORAGE

Electrospun porous carbon nanofiber webs have attracted considerable at-
tention as a promising electrode material in energy storage devices due 
to high electrical conductivity, high specific surface area and freestand-
ing nature [160]. These materials possess some rather unique properties 
that may find use in a number of electrochemical energy storage systems 
including primary and secondary batteries, fuel cells and electrochemical 
capacitors. The structure and properties of the nanofibers can be controlled 
at the nanometer level by manipulating the process variables [2, 161, 162]. 
The application of CNF and activated form of it in energy storage, di-
vides into different parts such as lithium-ion batteries and electrochemical 
double-layer capacitors.

8.16.3.1 CNF AND ACNF APPLICATION IN THIN AND FLEXIBLE 
LITHIUM-ION BATTERIES (LIBS)

In most batteries, porous structure is an essential requirement. A sponge-
like electrode will have high discharge current and capacity, and a porous 
separator between the electrodes can effectively stop the short circuit, but 
allow the exchange of ions freely. Solid electrolytes used in portable bat-
teries, such as lithium ion battery (LIB), are typically composed of a gel 
or porous host to retain the liquid electrolyte inside. A porous membrane 
with well-interconnected pores, suitable mechanical strength and high 
electrochemical stability could be a potential candidate [163]. Lithium ion 
batteries offer very high energy densities and design flexibilities, thereby 
making them integral in modern day consumer devices such as cellular 
phones, camcorders and laptop computers. However, unlike electrochemi-
cal capacitors, lithium ion batteries are restricted to low achievable power 
densities. With the advent of electric vehicles (EV) and plug-in hybrid 
electric vehicles (PHEV) there has therefore been a growing need to build 
lithium-ion batteries that can not only provide high energy densities but 
also deliver high power densities in order to be considered as a potential 
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replacement for conventional gasoline engines [164]. A lithium ion battery 
essentially comprises of three components cathode, anode and electrolyte. 
Cathodes are generally categorized into three types, namely (1) lithium 
based metal oxides such as LiCoO2, (2) transition metal phosphates such 
as Li3 V2 (PO4)3, and (3) spinels such as LiMn2O4. Among anodes, carbon 
is the typical material used in lithium ion batteries [164]. A lithium ion 
battery and its charging and discharging processes are depicted in Scheme 
5 (Fig. 8.14).

FIGURE 8.14 Charging and loading processes of lithium ion battery.

Nanostructured materials are attractive for lithium-ion batteries with 
their unique features that arise from their nanoscale structures. Due to 
the small size, the optimum transport of both electrons from the back 
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contact to the front of the electrode and ions from the electrolyte to the 
electrode particles can lead to a rapid discharging and charging rate. Up to 
now, various nanomaterials such as metal oxides, carbonaceous materials, 
phosphate, and sulfi des, etc., have been widely used as anode material for 
lithium-ion battery. Among the families of materials studied, nanostruc-
tured carbon materials such as carbon nanofi bers have a lot of advantages 
such as availability, chemical stability, good cyclability, and low cost as 
anode materials for lithium-ion batteries [20].

These increases are attributed to the uniform distribution of network-
like CNF and ACNF of high conductivity; CNF not only connects the sur-
face of the active materials, its network penetrates into and connects each 
active material particle. CNF composite electrode also improves the elec-
trochemical performance of thin and fl exible lithium-ion batteries such 
as discharge capacity at high current densities, cycle-life stability, and 
low-temperature (at 20 °C) discharge capacity [20]. These improved elec-
trochemical properties are attributed to the well-distributed network-like 
carbon nanofi bers, within the cathode. The addition of CNF reduces the 
electron conducting resistance and decreases the diffusion path for lithium 
ions, hence increases the utilization of active materials during high-current 
discharge and low-temperature discharge. In addition, network-like CNF 
forms a more uniform cathode structure so as to have a lower deterioration 
rate and correspondingly better life cycle stability.

In order to further improve the performance of carbon materials as 
anodes for LIBs, an effective porous structure in a controllable fashion is 
needed to provide desirable surface area and open pore structure, which 
can achieve larger energy conversion density, higher rate capability, and 
better cycle performance. Therefore, activated or porous CNFs with large 
specifi c surface area and controlled pore structure could be an ideal candi-
date to meet these requirements [97].

Mn-based oxide-loaded porous carbon nanofi ber anodes, exhibiting 
large reversible capacity, excellent capacity retention, and good rate capa-
bility, are fabricated by carbonizing electrospun polymer/Mn (CH3COO)2 
composite nanofi bers without adding any polymer binder or electronic 
conductor. The excellent electrochemical performance of these organic/
inorganic nanocomposites is a result of the unique combinative effects 
of nano-sized Mn-based oxides and carbon matrices as well as the highly 
developed porous composite nanofi ber structure, which make them prom-
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ising anode candidates for high-performance rechargeable lithium-ion bat-
teries [93].

8.16.3.2 CNF AND ACNF APPLICATIONS IN 
ELECTROCHEMICAL DOUBLE-LAYER CAPACITORS (EDLCS)

In addition to lithium ion battery, electrospun carbon nanofibers could be 
used in electrochemical double-layer capacitors (EDLC). EDLCs or super 
capacitors are promising high-power energy sources for many different 
applications where high-power density, high cycle efficiency and long 
cycle life are needed. In 1879, Helmholtz suggested that EDLCs accu-
mulate electrical energy that is generated by the formation of an electro-
chemical double layer suggested, at the interface between electrode and 
electrolyte (non-Faradaic process), unlike secondary batteries such as the 
lithium ion battery or nickel metal hydride battery, which are based on a 
redox reaction (Faradaic process). This energy storage system based on a 
non-Faradaic process provides very fast charge and discharge making the 
EDLCs with the best candidates to meet the demand for high power and 
long durability [165].

However, because the energy density of EDLCs is small compared to 
that of rechargeable batteries, it is necessary to increase the capacitance 
of EDLCs. Recently, the relationships between the porous structures and 
electrochemical behavior have become increasingly important. Although 
the use of various materials as EDLCs has been investigated, the applica-
tion is limited in terms of specifi c energy. To enhance the specifi c energy 
and power of EDLCs, several researchers have put much effort into the 
development and modifi cation of carbonaceous materials, such as control-
ling the pore size distribution, introducing electro-active metallic particles 
or electro-conducting polymers, and fabricating hybrid type cells [166]. 
The double layer capacitance is correlated with the morphological proper-
ties of the porous electrodes, particularly the surface and the pore size dis-
tribution of the carbon materials. Thus, tailoring the porous structures of 
carbon materials is a major goal of EDLC optimization [17, 44]. Various 
forms of carbonaceous materials, i.e., powder, fi ber, paper or cloth (fabric 
or web), carbon nanotubes, carbon nanofi bers, and related nanocomposites 
are candidates for electrodes of EDLCs. A paper type material particularly 
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useful for application as electrodes as the addition of binder, which nor-
mally degrades the performance of capacitors, is not needed.

Electronic properties make the carbon nanostructures such as carbon 
nanofi ber applicable inter alia in EDLC, batteries, catalyst supports, and 
fi eld emission displays. By electrospinning of the PAN nanofi ber and sub-
sequent thermal treatments, CNFs has polarized electrodes in EDLC with 
a remarkable specifi c capacitance of ca. 297 F/g was obtained [167]. Seo 
et al. [137] showed that the ACNFs afforded good electronic conductivity, 
higher specifi c surface, suitable pore size, and higher content of surface 
oxygen functional groups. These unique properties of ACNFs were fa-
vorable for the diffusion of hydrated ions during charge/discharge within 
the electric double layers and more effective surface area was provided 
compared to CNFs, so On the bases of their high-power characteristics 
and excellent maintenance of specifi c capacitance, ACNFs could serve as 
useful electrode materials for supercapacitor applications.

8.16.4 REMOVAL OF POLLUTANTS

8.16.4.1 CNF AND ACNF FOR REMOVAL OF MICRO 
ORGANISM FROM WATER

Treatment processes for wastewater reuse and water treatment usually 
have adopted process such as biological treatment, coagulation, sand fil-
tration, membrane filtration and activated carbon adsorption [168]. Re-
cently, membrane filtration in water treatment has been used worldwide 
for reduction of particle concentration and natural organic material in wa-
ter. Among the membrane processes, nanofiltration (NF) is the most recent 
technology, having many applications, especially for drinking water and 
wastewater treatment [169].

These nanofi lters are reusable fi lters that have controlled porosity at 
the nanoscale and at the same time, can be formed into macroscopic struc-
tures with controlled geometric shapes, density, and dimensions. A carbo-
naceous nanofi lter was fabricated by carbon nanofi ber, in the best condi-
tion was used for MS2 virus removal. The results showed that at pressures 
of 8–11 bar the MS2 viruses were removed with a high effi ciency by using 
the fabricated nanofi lter. The results showed that the fabricated nanofi lter 
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had good water permeability, fi ltrates fl ux and could be used for virus re-
moval with high effi ciency [170].

8.16.4.2 CNF AND ACNF FOR REMOVAL OF VOLATILE 
ORGANIC COMPOUNDS (VOCS)

The manufacturers of specialty chemicals and pharmaceuticals generate 
effluent streams that contain trace amounts of aromatic and chlorinated 
hydrocarbons. Careful handling, recovery, or disposal of these toxic or-
ganics is one of the major environmental issues that confront such in-
dustries. Methods for the elimination of such contaminants from gaseous 
and liquid effluent streams are normally based on fixed-bed adsorption 
on carbonaceous materials. Traditionally, when recovery steps prove to 
be uneconomical or difficult, destruction of the organic contaminants is 
carried out by incineration. Such procedures, however, require elevated 
temperatures with associated high fuel costs. Catalytic degradation of or-
ganic contaminants into less toxic products may be an alternative low-
temperature option. An effective catalyst is one on which the contaminant 
is initially strongly adsorbed and on which reaction with atomic species 
generated by the interaction of metallic components with the aqueous en-
vironment takes place [171]. VOCs (volatile organic compounds), such 
as toluene and benzene, are considered as pollutants [70]. Toluene is a 
hydrocarbon volatile organic compound with a low boiling point. This 
compound is quite harmful to human beings due to the easy conversion 
by other pollutants such as ozone and photochemical oxidants. Adsorption 
is a recommended method showing better control efficiency in removing 
toluene because it is emitted easily in low concentrations [20, 143].

There have been many attempts to reduce the level of pollution by 
VOCs using a variety of adsorption methods. Activated carbon nanofi bers 
have attracted considerable attention as potential effective adsorbents for 
low concentrations of organic compounds by adsorption yield of 20–36%. 
Activated carbon fi bers with diameters <10μm and pore sizes ranging 
from 8 to 20Å can be prepared using electrospinning of PAN solution [34]. 
However, despite the high specifi c surface area, the toluene adsorption 
capacity was limited due to the underdeveloped narrow micropores [172].
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8.16.4.3 CNF AND ACNF FOR REMOVAL OF TOXIC MATERIALS 
IN ENVIRONMENT

Formaldehyde is one of the main pollutants in the atmosphere. In indoor 
air, formaldehyde mainly comes from decorating materials, paint, furni-
ture glue, and chemical fiber carpets, and the concentration of formalde-
hyde is always relative low (<20 ppm). Even if the concentration of the 
formaldehyde is low, it can cause symptoms such as headache, nausea, 
coryza, pharyngitis, emphysema, lung cancer, and even death, so it is nec-
essary to take effective measures for its removal. Adsorption by carbona-
ceous adsorbents is the most widely used method to purify the polluted 
air. Carbon nanostructure such a carbon nanofiber and fiber especially in 
activated form can be good adsorbents for formaldehyde [65]

Dichlorodiphenyltrichloroethane (DDT), DDT is a potential endocrine 
disruptor even at ng·L-1 levels. It is forbidden as a kind of pesticides from 
1980s. While DDT is found in a higher concentration from the lake, river 
and the atmosphere, water, sediment, soil. It has been detected in many 
aquatic systems, from the Arctic Antarctic marine mammals to the birds, 
in the people’s milk for human consumption, fi sh and so on. This raises 
serious problems in aquatic organisms and animals. Due to their harmful 
effects on the environment and biological body and the diffi culty to deg-
radation by the common treatment methods, it’s important to use a suit-
able adsorbent to remove it activated carbon fi ber and nanofi ber are good 
adsorbent to eliminate it [173].

Another toxic material, which is harmful in environment is Arsenic. 
Arsenic contaminants in drinking water have been recognized as a seri-
ous environmental problem. Arsenic contamination in drinking water was 
found in the areas where water is extracted from groundwater with geo-
logical regions containing arsenic. But there are some cases of contamina-
tion from industries and mining as well. There are number of treatment 
methods for the removal of arsenic from water and wastewater. Chemical 
precipitation, ion exchange, ultra fi ltration, membrane techniques, lime 
softening and microbiological processes are the methods used for the 
treatment of water and wastewater containing arsenic. But the anaerobic 
process may be inhibited in chemical precipitation. Although reverse os-
mosis and ion exchange methods are effective in removing such pollut-
ants, they are expensive in the operational procedure. These factors have 
limited the use of methods for the removal of arsenic and other toxic pol-
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lutants from water and wastewater especially in most of developing coun-
tries. Activated carbon nanofi ber is successfully used to remove arsenic 
from wastewater [174].

8.16.5 CNF AND ACNF AS CATALYST SUPPORTS

In chemistry and biology, a carrier for catalyst is used to preserve high ca-
talysis activity, increase the stability and life of the catalyst, and simplify 
the reaction process. An inert porous material with a large surface area and 
high permeability to reactants could be a promising candidate for efficient 
catalyst carriers [175]. Using an electrospun nanofiber mat as catalyst 
carrier, the extremely large surface could provide a huge number of ac-
tive sites, thus enhancing the catalytic capability. The well-interconnected 
small pores in the nanofiber mat warrant effective interactions between 
the reactant and catalyst, which is valuable for continuous-flow chemical 
reactions or biological processes. Also, the catalyst can be grafted onto the 
electrospun nanofiber surface via surface coating or surface modification 
[163].

In the application of heterogeneous catalysts in liquid phase reactions, 
the rate of reaction as well as selectivity is often negatively infl uenced by 
mass transfer limitations in the stagnant liquid in the pores of the catalyst 
support [12]. Internal mass transfer limitations can be reduced by maxi-
mizing the porosity and lowering the tortuosity of the catalyst support. 
Particles and layers consisting of carbon nanofi bers are promising catalyst 
supports because of the combination large pore volume (0.5–2 cm3/g) and 
extremely open morphology, on one hand, and signifi cant high surface 
area (100–200 m2/g), on the other hand. The Scheme 6 compares the con-
ventional and carbon nanofi ber support catalysts (Fig. 8.15).
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FIGURE 8.15 Carbon nanofiber as a catalyst support [11].

In order to maximize yield, in catalytic reactions, catalyst activity 
needs to be enhanced, this is typically achieved by developing catalytic 
sites having high intrinsic activities and by maximizing the number of ac-
tive sites, e.g., by using high surface area support materials [175]. Carbon 
fi laments are formed catalytically in metallic catalysts, particularly in Ni, 
Fe, and Co based catalysts, used for the conversion of carbon-containing 
gases, e.g., in steam reforming of hydrocarbons and Fischer-Tropsch syn-
thesis. The carbon fi lament formation was detrimental for operation as 
they plugged reactors and deactivated catalysts.

Fiber type carbon nano materials, which are suitable as catalyst support 
can be classifi ed into three types, namely, CNFs, CNTs, and single walled 
nanotubes (SWNTs). CNFs have a number of special characteristics that 
make them materials of promise as catalyst supports [11].

TABLE 8.8 Classification of CNF Characteristics for Catalyst Support Application

CNFs special characteristics for catalyst support application

Chemical stability for corrosive attack in acidic and basic environments

Having inert nature and with standing most organic solvents

Stability toward sintering and high-temperature gas reactions

Being conductive

Ability to apply in the field of electro catalysis such as fuel cell electrode

CNFs can be applied as catalyst supports in three ways:
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• Using small aggregates of entangled nano fibers loaded with the 
catalytic active phase. The typical application would be in slurry re-
actors with aggregate sizes on the order of 10 cm.

• Application of larger aggregates (on the order of millimeters) of en-
tangled CNF bodies to form a fixed bed. The fixed bed may be used 
as such in a single phase operation or as a trickle bed for gas-liquid 
operation. Advantages of such a system would be its high porosity 
and low tortuosity.

• The CNFs can form layers on structured materials such as foams, 
monoliths, or felts; this helps to keep diffusion distances short. The 
structured materials of choice obviously will also determine the hy-
drodynamic behavior of the reactor [8].

It appears rather easy to grow and attach CNFs on structured materi-
als, that is, monoliths, graphite felts, silica fi bers, metal fi lters, and metal 
foams. In many cases, excessive formation of CNFs weakens the support 
material and therefore the conditions of CNF formation needs to be ac-
curately controlled [176].

CNFs appear to be well-attached to the supporting structures and a 
good explanation for this observation is still lacking. The layers of CNFs 
are indeed highly macroporous and should have low tortuosity, and the 
capability to allow fast mass and heat transfer has been demonstrated for 
hydrazine decomposition.

A comparable demonstration in liquid phase catalysis is lacking so far. 
In some cases, catalytic performance was claimed to be modifi ed by the 
infl uence of the CNF-support material on either the metal particles or the 
mode of adsorption of reactants [12, 18].

Carbon nanofi ber can be used as supporting agent for Pd catalysts. Pd 
catalysts have been applied to catalyze Heck reactions of various activat-
ed and nonactivated aryl substrates. The activity increased exponentially 
with a decrease in Pd particle size. The high surface area, mesoporous 
structure of carbon nanofi ber and highly dispersed palladium species on 
carbon nanofi bers makes up one of the most active and reusable heteroge-
neous catalysts for Heck coupling reactions. Pd nanoparticles supported 
on platelet CNFs appear to be an excellent catalyst due to high activity, 
low sensitivity towards oxygen, almost no or low issues with leaching and 
high stability in multicycles [175, 177] (Fig. 8.16).
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FIGURE 8.16 Carbon nanofiber as supporting agent for Pd catalysts.

8.16.6 CNF AS POLYMER REINFORCEMENT AGENTS

Early studies on electrospun based carbon nanofibers also included rein-
forcement of polymers. CNFs have an exceptional combination of me-
chanical and physical properties that make them ideal reinforcing materi-
als for polymer composites. In order to properly incorporate CNFs into 
polymer composites, three major manufacturing challenges must be over-
come:

• Dispersion of the CNFs in the matrix system, 
• Uniform impregnation of the preform by the CNFs, 
• Bonding and compatibility between the CNFs, matrix, and micro-

sized reinforcement fibers [178].
As electrospun nanofi ber mats have a large specifi c surface area and 

an irregular pore structure, mechanical interlocking among the nanofi bers 
should occur. In general, the performance of a fi brous composite depends 
not only on the properties of the components, but also to a large degree 
on the coupling between the fi ber and the matrix. In order to increase the 
internal laminar shear strength; numerous attempts have been made to 
improve bonding between the fi ber and the matrix, consisting mostly of 
chemical and physical modifi cation to the fi ber surface [89].

Polymer/CNF nano composites can be prepared by different routes, 
including in situ polymerization, solution processing and melt mixing. The 
latter is the most common, given its simplicity and high yield, the compat-
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ibility with current industrial processes and the environmental advantage 
of a solvent-free procedure [179].

A novel approach in this fi eld was the growing carbon nanofi bers on 
the surface of conventional carbon fi bers via carbon vapor deposition in 
the presence of a minuscule amount of metal catalyst [180]. The presence 
of the carbon nanostructures on the carbon fi ber surface was found to en-
hance the surface area of perform from ~2 m²/g up to over 400 m2/g and 
consequently increased the interfacial bonding between the fi ber and the 
matrix.

FIGURE 8.17 Carbon nanofiber on the surface of activated carbon fiber.

In order for a fi ber to function successfully as reinforcement in high 
performance engineering materials, it must fulfi ll certain Criteria:

1. A small diameter with respect to its grain size is needed since there 
will be a low probability of intrinsic imperfections in the material 
and experimental evidence shows that the strength of the fiber in-
creases as its diameter decreases. In this regard, carbon nanofibers 
would appear to be superior to other types of carbon fibers since 
their diameters [147], which are controlled by the size of the cata-
lyst particles responsible for producing them, can be as low as 2 nm 
[81].

2. A high aspect ratio is needed which ensures that a very large frac-
tion of the applied load will be transferred through the matrix to 
the stiff and strong fiber. In general, carbon nanofibers possess ex-
tremely small diameters and high aspect ratios, typically [81, 89, 
90].
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3. A very high degree of flexibility is desirable for the complex se-
ries of operations involved in composite fabrication. When carbon 
nanofibers are produced in a helical conformation they were found 
to possess appreciable elastic properties (Fig. 8.18).

FIGURE 8.18 Scanning electron micrograph showing the growth of carbon nanofibers 
on the surface of a bundle of a carbon fiber.

So because of the exceptional properties exhibited by carbon nanofi -
bers such as their high tensile strength, modulus, and relatively low cost, 
such a material have a tremendous potential for reinforcement applica-
tions in its own right.

Thermoplastics such as polypropylene, polycarbonate, nylon, and 
thermo set such as epoxy, as well as thermoplastic elastomers such as 
butadiene-styrene di block copolymer, have been reinforced with carbon 
nanofi bers for example. Carbon nanofi bers with 0.5 wt% loading were 
dry-mixed with polypropylene powder by mechanical means, and extrud-
ed into fi laments by using a single screw extruder. Decomposition tem-
perature and tensile modulus and tensile strength have increased because 
of dispersion of CNF [121] (Fig. 8.19).
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FIGURE 8.19 Fracture surface of neat and nanophased polypropylene (A: neat PP; B: 
CNF/PP) [181].

8.17 SUMMARY AND OUTLOOK

Carbon nanofibers have great advantages due to their high surface area to 
volume ratio. They have potential applications in the field of clean energy 
(solar cells, fuel cells and batteries), electronics, health (biomedical scaf-
folds, artificial organs), and environment (filter membranes). In summary, 
activated carbon nanofibers (ACNF) can be produced by different meth-
ods, which stabilizing, carbonizing and activating the electrospun PAN 
nanofiber is prefer among them.

However, few studies have applied stretching to electrospun precursor 
nanofi bers before stabilization. Additionally, although aligned nanofi bers 
with various degrees of alignment have been obtained by using various 
modifi ed collecting devices, tension is rarely applied to the nanofi ber as-
sembly during stabilization to prevent shrinkage of the fi bers and to ensure 
molecular orientations along the fi ber axis to a large extent. Therefore, 
there is still considerable room for further improvement of the microstruc-
tural, electrical and mechanical properties of the fi nal CNFs. Considering 
the increased interest in electrospinning and the wide range of potential 
applications for electrospun CNFs, commercialized products can be ex-
pected in the future.

Current advances in electrospinning technology provide important evi-
dence of the potential roles in energy conversion and storage as well as 
water, and air treatment applications. Though electrospinning has become 
an essential technique for generating 1D nanostructures, the research ex-
ploration is still young, but promising, in energy applications. One of the 
drawbacks of PAN Electrospinning is that, it has been diffi cult to obtain 
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uniform nanofi bers with diameters below 50 nm using electrospinning. 
Another drawback is the relatively low production rate. In the near future, 
it is likely that research efforts will be focused on engineering the electro-
spinning process, with the ultimate goal of producing carbon nanofi bers 
with diameters below 50 nm, and at a faster rate. The average diameter 
of ACNF was approximately 250 nm, ranging from 200 nm to 400 nm. 
The specifi c surface area and micropore volume of the carbon nanofi bers 
(CNs) were 853 m²/g, and 0.280 cm³/g, respectively [34].

There is still a long way to go and much work to be done, and it is time 
to begin the task of turning the positive results born of research into the 
viable solutions born of engineering. In spite of a little information on the 
chemistry of activated carbon nanofi ber the structural study is expected 
to provide signifi cant insight on the structure itself and the formation of 
pores contributing to the surface area of carbon materials.
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